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In  a  cominuing  effort  to  establish  pcitomiancc  changes  due  to  water  ingestion  into  an  aircraft  gas 
turbine  engine  and  possible  design  improvenients.  an  experimental  investigation  was  performed  with  a 
l,;;!dd  gaXrbfne  P^diffuser-com  sector  utilizing  a  number  of  mixture  and  flow  conditions  m  a 

tunnel  operating  with  a  two-phase,  air-liquid  film-droplct  mixture.  For  given  entr)-  conditions  into  d  e 
nredtffuscr  (which  can  be  related  to  the  exit  conditions  of  the  core  compressor  in  a  bypass  engine,  and, 
therefore,  also  to  ingestion  conditions  at  the  engine  face)  the  two  mam  issues  are  (1)  the  amount  of  water 
enicnng  the  primary  zone  of  the  combustor,  and  (2)  the  local  reduction  in  temperature,  flame-water 
interactions,  and  the  vitiation  caused  by  the  vaporizing  of  water.  Flow  visualiMtion  and  estimates  ot 
water  flow  and  droplet  size  in  the  primary  zone  have  been  undertaken  under  coM  flow  conditions.  The 
amount  of  water  entering  the  primary  zone  has  been  found  tiy  be  a  complex  function  of  (1) 
mivtiue  conditions  at  entry  to  the  prediffuser,  and  (2)  the  effects  of  gravity  on  the  fl^owfield  for  gi  e 
ucometry  of  the  prcdiffuscr-combusior.  and  the  flow  split  between  the  pnmary  and  the  coolant  streams 
ill  ihc  combustor  Combustion  tests  have  been  carried  out  to  establish  the  effects  on  performance, 
ov  currence  of  nameout.  and  recoverability  of  combustor  exit  temperature  by  enhancement  of  one  or  be  ,h 
ol  the  fuel  equivalence  ratio  and  the  oxygen  content  of  air.  It  was  tentatively  J  ^ 

observed  effects  of  the  presence  of  water  are  a  result  of  the  interacrtive  effects  of  heat  transfer  .o  watei, 
vitiation  bv  water  vapor  on  combustion,  and  the  total  heat  release  in  t..e  primary  zone.  le  a  er  ein^ 
the  dominant  factor  in  stabilizing  the  flame  with  a  large  increase  in  combustor  exit  temperature,  as  iound 
111  the  tests  with  the  addition  of  both  fuel  and  oxygen  to  a  given  burning  mixture. 
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l-XIiCUTIVE  SUMM  \RY 


Two  of  the  commonly  reported  events  during  the  operation  of  a  bypass  jet  engine  in  a  rain  or  hail 
storm  arc  (i)  the  loss  of  power  and  (ii)  the  difficulties  of  maintaining  a  flame  in  the  burner. 
While  the  loss  of  ptiwer  may  also  be  a  consequence  of  the  increased  loss  in  the  low  and  high 
pressure  compressors  d’jc  to  air-water  mixture  operation,  both  the  loss  of  power  and  the 
possibility  ol  occurrence  of  flame-out  conditions  arc  a  direct  consequence  of  the  changes  in  the 
performance  of  the  prediffuser-combuslor  due  to  the  presence  of  water  in  the  air.  The  air-water 
mixture  entering  the  prcdiffu.ser-combustor  section,  after  exiting  the  core  (or  high  pressure) 
compressor,  may  consist  of  an  air-water  vapor  mixture  that  may  also  include  liquid  water.  The 
liquid  water  may  be  in  film  form  over  the  casing  wall  and  al.so,  in  droplet  form  in  the  body  of  the 
air  flow,  depending  upon  the  engine  operating  (or  power  setting)  conditions,  and  the  mass 
fraction  and  droplet  size  distribution  of  water  entering  the  engine.  Among  the  engine  power 
settings,  the  most  severe  conditions  are  believed  to  be  the  flight  idle  condition  during  aircraft 
descent,  and  the  ground  idle  condition. 

An  investigation  has  been  carried  cut  on  a  sector  of  an  annular  prediffuser-combu.stor  of  a  typical 
bypass  jet  engine  with  a  core  engine  and  a  supercharger.  The  main  aspects  of  the  investigation 
are  (i)  determination  of  the  distrib^ution  of  water  in  the  prediffuser-combustor  when  supplied  with 
various  types  of  air-water  mixtures,  and  (ii)  determination  of  the  performance  of  the  combustor 
under  burning  conditions.  The  latter  has  been  undertaken  with  water  supplied  at  low  temperature 
(about  7  C)  and  typical  ground  temperature  (about  20  C).  In  addition,  in  view  of  the  interest  in 
the  recoverability  of  the  combustor  exit  temperature  to  the  value  obtained  during  operation  with 
air,  while  an  air-water  mixture  is  being  supplied  to  the  prediffuser,  investigations  have  been 
conducted  on  the  effects  of  increasing  the  fuel  equivalence  ratio,  and  also  the  oxygen  content  of 
air,  by  addition  of  oxygen  to  air,  both  individually  and  together.  In  all  cases,  water  has  been 
added  to  the  air  flow  in  the  form  of  (i)  film,  (ii)  droplets,  and  (iii)  a  combination  of  film  and 
droplets,  the  mass  fraction  of  film  being  2.0  per  cent  and  that  of  droplets  varying  from  2.0  to 
about  12.0  per  cent.  The  corrected  mass  flow  of  air  has  been  chosen  to  correspond  to  either  the 
flight  idle  or  ground  idle  condition. 

The  experimental  studies  have  included  flow  vi.sualization  as  well  as  measurements,  both  under 
cold  flow  and  burning  conditions.  The  flow  visualization  has  been  utilized  to  observe  the 
distribution  of  water  and  water  entities  (droplets  and  ligaments)  in  cold  flow  tests,  and  the  extent 
and  stability  of  the  flame  under  burning  conditions.  The  measurements  pertain  to  (a)  the  water 
concentration  in  the  primary  zone  under  different  air-water  mixture  supply  conditions,  and  (b) 
the  temperature  rise  and  the  pressure  loss  across  the  prediffuser-combustor,  expressed  in  terms  of 
the  temperature  increase  factor  and  the  pre.s.sure  loss  factor,  respectively. 

As  a  prelude  to  tests  v;ith  the  (three-dimensional)  sector  of  the  annular  combustor,  extensive  cold 
flow  tests  have  been  conducted  with  two-dimensional  prediffuser-combustor  models.  A 
summary  of  those  investigations  is  included  in  this  current  report. 

In  the  cold  flow  tests  with  the  three-dimensional  sector,  it  is  observed  that  the  size  and  space- 
wise  distribution  of  the  liquid  entities  in  the  combustor  is  a  complex  function  of  (i)  air  water 
mixture  conditions  in  the  prediffu.ser,  (ii)  the  air  mass  flux  and  distribution,  and  (iii)  the  design 
parameters  of  the  swirl  cups  and  primal^  jets.  The  distribution  of  water  in  an  annular  combustor 
is  strongly  affected  by  gravity  on  the  flowfield  in  the  secondary  streams  in  the  outer  section  of 
the  combustor. 


In  ihc  burnini;  tests,  the  tnain  rmdinjis  arc :  (1)  There  is  an  apprceiable  drop  m  ilie  eomhustor  exit 
temr>erature  with  a  small  mass  fraction  ul  water,  and  only  a  moderate  loss  m  that  temperature  as 
the  mass  traction  is  increased.  (2)  The  eliects  of  gravity  on  film  motion  and  the  resulting 
changes  in  combustion  pertormance  bi.*come  substantially  increased  lor  the  cup  that  is  most 
displaced  in  the  gravitational  direction,  t.^i  Attempts  at  recovery  oi  exit  gas  temperature  by  an 
increase  of  fuel  equivalence  ratio  have  proved  successful  with  low  mass  fractions  of  water  in 
either  film  form  nr  large  droplet  spray  form,  when  the  water  could  be  expected  to  enter  the 
primary  /one  mainly  through  the  priniiiry  lets.  (4)  The  effect  of  enrichment  of  air  with  oxygen  is 
always  a  gain  in  combustor  temjierature  unless  the  increa-a;  in  heat  loss  to  water  and  vitiation  due 
to  vapor  generation  tends  to  reduce  the  gain  to  a  negligible  value;  and  (6)  the  combined  effects  of 
an  increase  in  fuel  equivalence  ratio,  ind  an  enrichment  of  air  with  oxygen  is  to  permit  a  regain 
of  the  temperature  to  the  value  obtained  during  operation  with  air  (only),  even  up  to  an  injection 
of  about  4.0  per  cent  water. 

Ba.sed  on  current  results,  it  can  be  concluded  that  during  air-water  mixture  ojxiration.  heat  loss  to 
water,  through  healing  and  vapori/ation.  resulting  in  a  possible  dccrca.se  in  flame  temperature  in 
the  primary  /.one,  appears  to  be  the  dominant  process  leading  to  temperature  loss  across  the 
combustor.  The  results  of  the  tests  ficrformed  with  modified  fuel  equivalence  ratio,  and  oxygen- 
cnrichcd  air  may  also  suggest  in  the  ca.se  of  a  practical  engine  a  number  of  operational  changes, 
for  example  in  the  form  of  engine  sjieed  regulation  for  different  power  demand  settings,  that  can 
yield  the  same  benefits  as  additions  if  fuel  and  oxygen. 


1.  INTRODUCTION 


Water  ingestion  into  an  aircraft  gas  turbine  engine  can  occur  due  to  (i)  rain,  occasionally  mixed 
with  hail,  entering  the  engine  inlet  during  flight  through  a  rain  storm;  and  (ii)  wheel-generated 
spray  clouds  entering  the  engine  inlet  during  take-off  and  landing  from  a  runway  with  puddles  of 
water.  It  has  been  shown  Ireferences  1  and  2]  in  the  case  of  a  turbofan  engine  that  the  core 
engine  compressor  (usually  the  high  pressure  compressor)  exhaust  may  consist  of  an  air-water 
vapor-liquid  water  mixture,  and  the  prcdiffuscr-combustor  may  have  to  operate  with  that 
mixture. 

During  water  ingestion,  water  may  appear  at  the  entrance  to  the  prediffuscr  in  the  form  of  a  film 
over  casing  surfaces  as  well  as  droplets  in  the  body  of  the  flow.  The  film  flow  may  vary  in 
different  cases  with  respect  to  thickness,  speed,  and  stability.  Similarly,  the  variation  in 
geometry,  size,  and  temperature  distributions  of  water  droplets  can  be  considerable  at  the  exit 
from  the  high  pressure  compressor,  following  modifications  of  the  characteristics  of  the  water 
droplets  in  the  atmosphere  through  the  inlet,  the  fan,  the  low,  and  the  high  pressure  compressors. 
The  changes  in  the  performance  of  the  prediffuser  and  combustor,  under  conditions  of  water 
ingestion,  are  therefore  complex,  both  in  regard  to  the  number  of  influencing  parameters  as  well 
as  the  manner  in  which  water  may  affect  the  flowfield,  combustion,  and  chemistry  in  the 
combustor.  The  flowfield  changes  occur  in  the  prediffuser  and  the  different  streams  of  the 
combustor.  Combustion,  as  well  as  chemical  kinetics,  is  affected  due  to  the  reduction  in  local 
temperature  caused  by  the  presence  and  vaporization  of  water,  and  also,  the  vitiation  by  water 
vapor.  This  leads  to  adverse  effects  in  the  engine  performance,  in  particular,  the  engine  may 
surge,  or  may  suffer  flameout  or  may  have  unsteadiness  of  the  flame  in  the  combustor.  In  the 
later  case  of  combustor  performance  deterioration,  it  is  then  of  interest  to  establish  the  flowfield 
and  combustion  characteristics  in  a  three-dimensional,  actual  combustion  chamber  operating 
under  simulated  water  ingestion  conditions. 

U_  BACKGROUND 

An  air-water  mixture  ingested  into  an  engine  may  be  characterized  by  the  following:  (1)  pressure 
and  temperature  of  the  air;  (2)  temperature,  mass  fraction  and  physical  state  of  the  water;  (3) 
saturation  with  respect  to  water  vapor  at  the  given  mixture  temperature;  (4)  difference  in  the 
temperature  of  the  air  and  water,  and  (5)  difference  in  velocity  between  the  air  and  water 
droplets.  In  general,  during  flight  operations  in  a  rain  storm,  the  air-water  mixture  may  be 
assumed  to  be  fully  saturated  with  respect  to  the  water  vapor.  The  water  content  by  weight, 
during  a  rain  stonn,  can  vary  from  a  small  value  such  as  0.5  per  cent  to  a  large  value  such  as  18.0 
per  cent.  A  water  mass  fraction  of  18.0  per  cent  would  correspond  to  a  storm  conditions,  and 
under  such  extreme  conditions  there  may  also  be  hail  and  snow  ingested  into  an  engine.  There  is 
a  large  variation  in  the  mean  volumetric  diameter  of  the  water  droplets  ingested  into  an  engine 
during  a  rain  storm.  The  droplet  sizes  may  be  of  the  order  of  10()  to  1,500  microns,  although 
3,(XX)  micron  size  droplets  have  also  been  reported.  The  hu’ge  droplets  can  be  expected  to  move 
independently  of  the  air  in  direction,  but  the  small  droplets  will  follow  the  air  streamlines  to 
some  extent. 

Investigations  have  been  conducted  at  Purdue  University  over  several  years  in  the  subject  of 
water  ingestion  into  engines  [references  1  through  7).  In  an  inve.stigation  carried  out  by  Tsuchiya 
and  Murthy  [references  1,3  and  4],  an  analysis  of  the  effects  of  water  ingestion  into  a 
compressor  was  carried  out  leading  to  the  development  of  a  predictive  code,  the  PURDU- 
WINCOF  code.  A  scries  of  tests  were  also  carried  out  on  a  small,  test  compres.sor  with  air-water 
droplet  mixtures.  The  experimental  results  were  compared  with  predictions,  and  it  was 
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concluded  that  the  basic  effects  of  water  ingestion  into  compressors  arose  through  blockage, 
distortion,  and  heat  and  mass  transfer  processes,  with  the  changes  in  blade  aerodynamic 
performance  being  relatively  small.  In  subsequent  work  carried  out  by  Haykin  and  Murthy 
[reference  2],  an  attempt  was  made  to  establish  the  transient  performance  of  a  generic,  high 
bypass  ratio,  two-spool  gas  turbine  engine  under  a  variety  of  water  ingestion  and  power  setting 
conditions,  and  with  a  temperature  sensor,  that  is  utilized  for  providing  input  to  the  engine 
control,  becoming  flooded  by  wat:r  and  recording  lower  temperature  than  the  local  gas  phase 
temperature.  The  principal  tools  utilized  in  the  investigation  were  the  PURDU-WINCOF  code 
and  an  engine  simulation  code.  It  was  shown  in  general  that  engine  performance  is  degraded 
during  operation  with  water  ingestion  and  the  amount  of  degradation  is  a  nonlinear  function  of 
inlet  water  mass  fraction;  controllability  of  the  engine  with  respect  to  operator-initiated  power 
settings  changes  is  affected  by  water  ingestion;  and  errors  in  the  temperature  sensor  providing  an 
input  to  engine  control  lead  to  instability  in  engine  operation,  eventually  causing  a  limiting 
condition  or  parameter  to  be  exceeded.  Later,  an  attempt  was  made  by  Murthy  and  Mullican 
[reference  5]  to  establish  the  time-dependent  nature  of  effects  of  water  ingestion  in  an  axial-flow 
compressor,  and  a  generic  high  bypass  ratio  engine  with  a  control.  In  view  of  the  large  effects 
arising  in  the  air  compression  system  and  the  prediffuser-combustor  t  nit  during  water  ingestion, 
attention  was  focused  on  those  effects  and  the  resulting  changes  in  engine  performance.  It  was 
established  that  under  all  conditions  of  operation,  whether  water  ingestion  was  steady  or  not,  that 
water  ingestion  caused  a  fan-compressor  unit  to  operate  in  a  time-dependent  fashion  with 
periodic  features,  particularly  with  respect  to  the  state  of  water  in  the  span  and  the  film  in  the 
casing  clearance  space,  at  the  exit  of  the  unit. 

Finally,  an  investigation  was  carried  out  by  Minster  and  Murthy  [references  6  and  7]  in  which  a 
number  of  two-dimensional  prcdiffuser-combustor  model  configurations  were  studied  with  air- 
water  mixture  flow  in  a  two-dimcsisional,  two-phase  flow  tunnel.  The  two-dimensional,  diffuser 
combustor  configurations  employed  in  the  tests  arc  illustrated  in  figure  1.  Each  of  the  test 
models  included  a  diffuser  section,  a  dome  section  with  three  fuel  injector  swirl  cups,  a  main 
chamber  which  contained  the  primary  and  secondary  zones,  two  (outer  and  inner)  sections 
through  which  the  primary  and  dilution  (or  secondary)  jets  flowed,  and  means  for  discharge  of 
flow  from  the  different  sections.  Model  1  differed  from  Models  II  and  III  with  respect  to  the  area 
ratio  between  the  inner  and  the  outer  streams.  Models  II  and  III  differed  from  each  other  only  in 
the  geometry  of  the  diffuser.  For  Model  1,  the  injector  cups  had  no  net  swirl,  while  Models  II 
and  III  u.sed  injector  cups  with  swirl.  ITie  air-water  mixture  conditions  corresponded  to  those 
obtained  at  the  core  compressor  exit  of  a  generic  turbofan  engine  that  is  exposed  to  water 
ingestion  at  the  inlet  of  the  engine  [reference  5].  Through  flow  visualization  and  detailed 
measurements,  the  redistribution  of  water,  entering  the  diffuser  in  film  and  droplet  form,  was 
establi.shcd  in  the  diffuser,  at  the  dome,  and  in  the  primary  zone  of  the  models.  An  attempt  v/as 
made  to  establish  the  effects  of  evaporation  of  such  water  in  the  primary  zone  on  flame  speed 
and  flame  stability  based  on  a  proposal  of  Odgers  [reference  8]  for  dealing  with  combustion 
under  conditions  of  appreciable  vitiation. 

Through  visualization  of  the  flowfield  in  the  diffuser  at  the  dome  section,  two  notable  features 
were  obseA^ed:  (1)  the  shape  and  characteristic  size  of  water  entities  that  entered  the  injector 
cups,  and  (2)  the  flow  split.  In  the  case  of  film  injection,  the  water  entered  the  injector  cups, 
following  break-away  from  the  walls,  mostly  in  the  form  of  large  entities  of  indefinite  shap'*.  In 
the  case  of  spray  injection,  and  also  in  the  case  of  a  mixture  of  film  and  spray  injection,  there  was 
a  greater  tendency  for  water  to  enter  the  injector  cups  in  the  fonn  of  droplets  of  relatively  small 
diameter.  The  amount  of  water  in  the  outer  and  the  inner  sU'eam  also  differed  from  each  other 
between  the  case  of  film  injection  and  the  two  cases  of  injection  of  spray  primarily  due  to  the  low 
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momentum  film  becoming  diverted  by  the  spray.  As  the  air  flow  was  increased,  it  was  pointed 
out  that  the  total  amount  of  water  entering  through  the  cups  tended  to  increase. 

Downstream  of  the  injector  cups  of  Model  I,  the  water  was  in  the  form  of  a  fine  mist  consisting 
of  a  very  small  diameter  droplets  moving  at  a  high  velocity.  In  the  region  of  the  primary  jets,  the 
small  droplets  were  observed  to  slow  down  and  coalesce  with  the  droplets  in  the  primary  jets. 
This  resulted  in  larger  droplets  occurring  in  the  region  adjacent  to  the  primary  jets.  Downstream 
of  the  injector  cups  of  Models  11  and  III,  the  water  was  piesent  in  the  form  of  a  spray  with  some 
angular  momentum  in  the  case  of  swirl  cups.  Moving  downstream  of  the  cups,  the  droplets 
underwent  substantial  collisions  with  one  another  as  well  as  the  droplets  that  fell  off  the 
boundary  walls.  This  resulted  in  coalescence  of  the  water  droplets  into  fairly  large  drops  and, 
often,  non-spherical  entities. 

The  flow  through  the  primary  jets  into  the  primary  zone  was  found  to  depend  on  the  air  flow  and 
water  split  at  the  dome,  and  the  nature  of  the  flow  issuing  out  of  the  injector  cups.  The  water 
entities  in  the  primary  jet  were  generally  large  and  tended  to  break  up  following  impact  of 
opposing  jets. 

Concerning  the  redistribution  of  water  in  the  prediffuser-combustor  models,  figures  2  thu»ugh  5 
pre.sent  data  from  measurements  of  the  fraction  of  water  that  entered  the  primary  zone  as  a 
function  of  mass  fraction  of  water  injected  in  the  three  models  under  different  conditions. 

Film  Injection  Case  (figures  3  and  5):  The  flow  rate  of  water  into  the  primary  zones  of  all  three 
models  increased  with  an  increase  in  the  mass  fraction  of  injected  water.  At  low  air  flow  rates, 
the  amount  of  water  entering  the  primary  zone  of  Model  III  was  slightly  larger  than  that  of 
Mtxlcl  II,  while  at  higher  air  flow  rates,  it  was  slightly  less  than  that  of  Model  II.  This  was 
attributed  to  the  influence  of  the  diffuser  configurations  on  the  length  of  the  attached  film.  The 
film  remained  attached  to  the  top  wall  of  Model  III  (dump  diffuser  configuration)  over  a  greater 
length  than  Model  II  (stepped  diffuser).  Thus,  at  low  air  flow  rate  conditions,  a  larger  fraction  of 
the  detached  film  impacted  the  cups,  and  at  higher  flow  rales,  the  detached  film  tended  to  flow 
over  the  dome  section  into  the  secondary  stream.  The  length  of  film  attached  to  the  top  surface 
of  Model  1  (single  divergence  diffu.ser)  was  longer  than  that  of  Model  11.  The  stepped  diffu.ser 
configuration  Model  II  had  the  shortest  length  of  attached  film  of  the  three  Models. 


Spray  Injection  Case  (figures  2  and  4):  For  both  low  and  high  air  flow  rates,  and  small  and  large 
water  droplets,  the  amount  of  water  entering  the  primary  zones  of  all  three  models  increa.sed 
nearly  linearly  as  the  mass  fraction  of  water  (Xwd)  increased.  The  increase  was  less  for  high  air 
flow  rates.  At  low  air  flow  rates,  there  was  no  recognizable  difference  between  the  water  entry 
in  Models  II  and  III.  The  flow  rate  of  water  into  the  primary  zone  of  Model  I  was  significantly 
larger  than  that  of  Models  II  and  III.  The  fraction  of  injected  water  entering  the  primary  zone  of 
ivlodels  il  and  ill  decreased  slightly  with  an  increase  in  Xwd>  whereas  in  Model  I  it  increased.  At 
high  air  flow  rates,  the  results  of  all  three  models  displayed  similar  trends  except  that,  again,  the 
amount  of  water  entering  the  primary  zone  of  Model  I  was  larger  than  that  of  Models  II  and  III. 


Spray  and  Film  Injection  Case  (figure  3  and  5):  The  combination  of  film  and  spray  injection  into 
the  test  models  re.sulted  in  a  10  to  40  per  cent  increa.se  in  the  water  entry  into  the  primary  zone 
(compared  to  the  individual  injection  of  film  or  spray).  For  all  three  models,  the  rate  of  water 
entry  into  the  primary  zone  increased  significantly  with  an  increase  in  air  flow  rate.  Also,  as  the 
mass  fraction  of  spray  increased,  the  fraction  of  injected  water  entering  the  primary  zone  leveled 
off  and  slightly  decreasf  i.  At  low  air  flow  rates  and  .small  water  droplets,  the  flow  rate  of  water 
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into  the  primary  zones  of  Models  II  and  III  remained  nearly  constant  whereas  it  increased  for 
Model  I  with  an  increase  in  Xwd- 

The  flowfield  in  the  primary  zone  could  be  characterized,  by  processing  the  video  picture  frames, 
in  terms  of  the  total  quantity  of  water  entering  the  zone  and  the  droplet  distribution  in  terms  of 
size.  It  was  shown  that  vitiation  of  air  with  water  vapor  corresponding  to  the  estimates  of  water 
droplets  that  could  undergo  vaporization  in  the  primary  zone  of  the  test  models  was  adequate  to 
lead  to  a  reduction  in  the  laminar  flame  speed  and  flame  stability  limits.  Specifically,  it  was 
found  that  in  regard  to  Models  II  and  III,  there  did  not  seem  to  arise  a  significant  effect  of 
vitiation  at  conditions  of  low  air  flow  rates  (0.45  kg/s),  while  at  high  air  flow  rates  such  as  0.91 
kg/s,  the  effect  of  vitiation  on  the  selected  combustion  parameters  seemed  to  be  substantial. 

Ll.l  DiffuscrJEnayJwQiiduiQns. 

The  enuy  conditions  of  the  air- water  mixture  at  the  prediff user-combustor  section  are  determined 
by  the  initial  state  of  the  mixture  in  the  atmosphere,  and  the  modifications  of  the  state  in  the  inlet 
and  the  compressor.  The  air-water  mixture  at  the  inlet  of  the  prediffuser  can  be  chaiacterizcd  by 
the  same  state  properties  as  at  entry  to  the  engine  inlet,  namely,  water  mass  fraction,  water 
droplet  size  distribution  and  temperature  and  velocities  of  air  and  water. 

It  has  been  found  that  water  exiting  a  compressor  operating  under  conditions  of  water  ingestion 
appears  in  two  fcmis:  a  film  that  flows  along  the  casing  of  the  compressor  in  the  blade  tip-casing 
clearance  and  a  spray  of  various  droplet  sizes  in  the  span  of  the  blades.  The  generation  of  film 
and  spray  can  be  attributed  to  the  cumulative  effects  of  the  following  different  processes 
occurring  in  the  compressor:  droplet  break-up  and  cojcscencc,  centrifugal  action  towards  the 
casing,  and  heat  and  mass  transfer.  Work  input  in  the  compressor  and  heat  and  mass  transfer 
processes  between  the  water  and  air  give  rise  to  a  substantial  increase  in  the  vapor  content  of  the 
air  at  the  compressor  exit,  although  the  air  (at  high  pressure)  does  not  become  saturated  with 
water  vapor.  Although  the  aerodynamic  performance  of  the  prediffuser-combustor  section  may 
not  be  affected  to  a  large  extent  by  the  presence  of  water  vapor,  the  presence  of  water,  in  both 
liquid  and  vapor  form,  can  be  expected  to  affect  the  combustion  processes  in  the  combustor 
[references  2  and  8). 

An  earlier  investigation  conducted  at  Purdue  University  [reference  5]  established,  as  staled 
earlier,  that  the  performance  of  turbomachinery  becomes  time-dependent  during  water  ingestion. 
Hence,  the  entry  conditions  to  the  prediffuser  can  be  expected  to  be  time-dependent.  However, 
this  aspect  of  the  problem  is  not  addressed  in  the  current  investigation. 

1.1.2  Nature  of  Problems  in  the  Prediffuser  Section  During  Water  Ingestion. 

During  water  ingestion  into  an  engine,  the  llowfield  entering  the  prediffuser  consists  of  a  water 
film  flow  at  the  outer  wall  and  an  air-water  droplet  mixture  flow  in  the  span.  The  water  film 
arises  as  a  result  of  the  centrifuging  action  of  the  rotating  compressor  on  the  water  droplets,  and 
is  in  motion  due  to  the  shearing  action  of  the  adjacent  air-water  mixture  flow.  The  thickness  and 
velocity  of  the  film  undergo  changes  along  the  flow  as  a  result  of  gravitational  action,  diffusion 
of  the  flowfieid  and  deposition  of  droplets  from  flow  in  the  span.  Eventually,  when  the  film 
velocity  becomes  sufficiently  sr^iall,  the  film  detaches  from  the  diffu.ser  wall  and  falls  into  the 
body  of  the  air  flow.  The  path  line  and  speed  of  the  film-geneiated  ligaments  and  droplets 
depend  upon  (1)  droplet  and  ligament  size,  (2)  mass  fraction  of  spray  that  exists  in  the  air- water 
mixture  prior  to  film  break-up,  (3)  air  flow  velocity,  and  (4)  gravitational  action  on  the  droplets. 
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In  nearly  all  cases,  it  can  be  expected  that  some  portion  of  the  detached  film  will  impact  on  the 
c  :nie  section,  v/ith  some  of  the  water  being  bypassed  into  the  inner  and  outer  streams  and 
ew  ering  u  i  primary  zone  through  the  primary  jets.  Several  important  features  pertaining  to  the 
prediffusei  flow  include;  (1)  the  development  of  the  film  at  the  wall  and  its  subsequent 
detachment;  (2)  the  division  of  flow  into  primary  and  secondary  streams  at  the  dome  of  the 
combustor  with  changes  in  air-water  mixture  composition,  and  (3)  the  amount  of  water  entering 
the  primary  zone  as  a  fraction  of  the  total  water  in  film  and  droplet  form. 

1.1.3.  Nature  of  Problems  in  the  Combustor  Section  During  Water  Ingestion. 

In  certain  circumstances,  the  addition  of  water  into  a  combustor  is  desirable  for  obtaining 
additional  mass  fo:^  thrust  augmentation,  and  reduction  in  fiamc  temperature  which  leads  to  a 
reduction  in  NOX  formation  (reference  9].  However,  it  is  crucial  to  note  that  there  is  a 
difference  between  the  ingestion  and  the  injection  cases  in  that  the  ingested  water  entering  the 
combustor  is  in  the  form  of  droplets  and  ligaments  of  arbitrary  size  and  shape,  while  water  added 
by  design  is  injected  at  a  specific  location,  and  in  fine  spray  form  and  generally  at  elevated 
temperatures. 

The  nature  of  the  problems  that  occur  in  the  combustion  chamber  during  water  ingestion  include: 
combustor  performance  deterioration  in  terms  of  increased  loss  of  stagnation  pressure,  reduction 
in  combustor  exit  temperature,  and  com.bustion  efficiency;  heat  transfer  to  the  liquid  phase,  and 
the  resulting  mass  transfer  to  the  gas  phase;  and  local  and  global  quenching  of  the  flame.  The 
combustor  of  the  type  investigated  here  operates  with  unmixed  fuel  and  air,  that  mix  and  bum  in 
the  primary  zone,  roughly  the  region  between  the  dome  with  the  injector  cups  and  the  vicinity  of 
the  primary  jets.  The  effects  of  the  presence  of  water  along  with  air  are  also  more  significant  in 
the  primary  zone  than  elsewhere  from  the  point  of  view  of  combustion-related  processes. 

Given  the  mass  flux  of  air  and  water,  and  the  fuel  equivalence  ratio  at  a  certain  instant  in  time 
within  the  combustor,  a  limiting  case  may  be  visualized  in  which  there  is  adequate  heat  release, 
and  all  of  the  water  is  in  a  discrete  state  that  permits  instantaneous  evaporation  of  water,  without 
the  possibility  of  any  other  interactions  between  air  and  water  or  among  the  water  entities.  In 
this  limiting  case  there  arise  a  reduction  in  gas  phase  temperature,  and  a  change  in 

vitiation  ratio  due  to  water  vapor  addition.  Am. 

In  a  given  gas  turbine  combustor,  such  a  limiting  case  may  be  associated  with  a  certain  regime  of 
operations,  characterized  by  the  mass  flux  of  air  and  the  fuel  equivalence  ratio,  and  the  mass 
fraction  of  water  admitted  in  spray  and  film  forms  at  a  certain  temperature.  However,  the  same 
values  of  AT^;;^.  und  Am  may  be  obtained  in  a  number  of  other  regimes  of  operation  representing 
combinations  of  mass  flux  of  air.  fuel  equivalence  ratio,  mass  fraction  of  water  in  spray  and  film 
forms,  and  temperature  of  water. 

1,1,4  Recoverability  of  Combustor  Exit  Temperature 

One  of  the  main  concerns  in  the  periormance  of  a  gas  turbine  combustor  is  the  combustor  exit 
temperature  which  is  a  significant  parameter  in  the  operation  of  a  gas  turbine  engine.  It  is, 
therefore,  important  to  establish  if  the  reduced  combustor  exit  temperature  obtained  during 
operation  with  an  air-water  mixture  can  be  increased  to  the  value  that  would  be  obtained  during 
operation  with  air,  under  otherwise  identical  conditions.  Among  several  methods  of  increasing 
the  combustor  exhaust  temperature,  two  that  are  considered  of  .special  interest  are  increasing  the 
fuel  equivalence  ratio,  and  enrichment  of  air  with  oxygen.  One  may  also  consider  the  possibility 


of  combining  the  enrichment  of  air  with  oxygen  with  increasing  the  fuel  equivalence  ratio.  It  is 
clear  that  there  are  combustion-related  and  practical  limits  to  the  increase  in  fuel  equivalence 
ratio  as  well  as  addition  of  oxygen.  The  fuel  equivalence  ratio  may  affect  the  total  amount  of 
fuel  burnt.  At  the  same  time  the  combustion  efficiency  is  modified  by  the  fuel  equivalence  ratio. 
The  enrichment  of  air  with  oxygen  may  lead  to  an  improvement  in  combustion  efficiency  and 
some  increase  in  heat  released.  In  the  case  where  enrichment  of  air  is  combined  with  increase  in 
fuel  equivalence  ratio,  one  may  expect  a  definite  increase  in  heat  release. 

The  process  of  increasing  the  combustor  exit  temperature  from  a  reduced  value  obtained  during 
air-water  mixture  operation  to  the  value  obtained  during  air  operation  of  the  combustor  may  be 
referred  to  as  the  process  of  combustor  exit  temperature  recovery.  The  'recovery  tests',  discussed 
in  Chapter  2.8  and  onwards,  refer  to  the  tests  conducted  to  establish  the  recoverability  of 
combustor  exhaust  temperature. 

it  may  also  be  pertinent  to  point  out  that  the  investigations  with  additional  fuel  and  oxygen 
provide  important  opportunities  for  examining  the  effects  of  the  presence  of  water  during  the 
comhustion  process. 

U.  COMBUSTION  IN  THE  PRESENCE  OF  WATER 

The  effects  of  addition  of  water  may  be  divided  into  several  parts:  (i)  Direct  effects  on  mixing 
and  the  formation  of  the  recirculation  zones  upsticam  of  the  primary  jets;  (ii)  heat  and  mass 
transfer  causing  gas  phase  temperature  reduction,  and  vitiation  with  water  vapor;  (iii)  chemical- 
mechanical  interactions  between  the  flame  and  discrete  entities  of  water;  and  (iv)  direct  effects 
on  reaction  kinetics.  'Fhc  operational  parameters  affecting  the  perfoiTnance  of  the  combustor,  are 
the  following:  (i)  the  state  properties  and  mass  flow  of  air;  (ii)  the  temperature  and  equivalence 
ratio  of  fuel;  and  (iii)  the  temperature,  the  physical  characteristics,  and  the  motion  (relative  to  air 
and  flame)  of  water  entities.  The  parameters  may  be  cho.sen  and  identified,  independently  of  one 
another,  in  a  given  operation  or  a  test.  However,  the  flow,  heat  and  mass  transfer,  and 
combustion  processes  in  the  primary  zone  of  (he  combustor  depend  on  the  parameters  variously 
m  a  highly  complex  fashion,  rurthermore,  the  processes  themselves  arc  interactive.  The 
processes  (namely,  physical,  flame -related,  and  chemical)  occur  in  different  parts  of  the 
combustor  with  several  characteristic  length  and  time  scales  in  the  gaseous  and  the  liquid  phases. 

During  operation  with  an  air-water  mixture,  the  characteristic  parameters  affecting  the  combustor 
performance  may  be  chosen  as  follows  within  the  combustor: 

1 .  the  size  distribution  of  water  entities, 

2.  the  total  mass  and  volume  of  water  present  at  an  instant  in  time, 

3.  the  velocity  distributions  of  the  entities  in  relation  to  air  vekxrity  and  flame  speed, 

4.  the  separation  distance  distribution  for  the  entities,  and 

5.  the  residence  time  distribution  of  the  entities  in  relation  to  the  residence  time  of  the  gas 
pha.se. 

Another  parameter  affecting  the  performance  is  the  difference  in  temperature  between  the 
gaseous  products  and  the  liquid  phase,  the  gas  temperature  being  a  function  of  the  fuel 
equivalence  ratio  and  the  heat  release  effectiveness.  Although  no  detailed  investigations  have 
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been  conducted  in  the  pusl  in  burners  with  discrete  entities  of  water,  a  background  exists  in 
literature  on  heat  and  mass  transfer,  flame  straining,  droplet  deformation  and  break-up,  and 
vitiation  [references  10  through  19]. 

Odgers  [reference  13]  developed  a  methodology  for  detennining  the  possibility  of  a  flameout  due 
solely  to  the  effect  of  vitiation  of  the  air.  Odgers  developed  his  model  by  utilizing  data  obtained 
from  premixed  combustion  experiments  in  a  spherical  combustor.  The  air  was  vitiated  in  those 
experiments  with  nitrogen.  In  later  extensions  to  the  model  [references  8  and  14],  in  order  to 
incorporate  the  effect  of  vitiation  of  water  vapor,  the  role  of  water  vapor  in  a  vitiated  air  mixture 
was  assumed  to  be  identical  to  that  of  nitrogen,  that  is,  a  simple  inert  diluent  in  combustion, 
lowering  the  flame  speed  to  the  extent  that  it  acts  as  a  heat  sink,  and  reduces  the  flame 
temperature.  The  effects  of  vitiation  were  cxprc.s.scd  in  terms  of  changes  in  laminar  flame  speed, 
and  flame  stability  limits. 

The  laminar  flame  speed  was  related  to  the  reaction  rate.  The  flame  stability  limits  were 
provided  by  means  of  a  map  of  oxygen-fuel  equivalence  ratio  as  a  function  of  a  so-called 
combustor  loading  parameter  (N/VP”,  where  N  represents  the  air  mass  flux,  V  being  the  volume 
of  the  combustor,  P  being  the  static  pressure  in  the  combustor,  and  n  representing  the  overall 
reaction  order),  with  the  vitiation  ratio,  m,  as  a  variable  parameter.  Based  on  experimental  data 
(obtained  with  a  well  stirred  reactor).  Odgers  concluded  that  the  flame  velocity  could  be 
expressed  as  a  function  of  m,  which  is  equal  to  the  molar  ratio  of  the  sum  of  the  quantities  of 
water  vapor  and  nitrogen  to  the  molar'  quantity  of  oxygen  in  a  given  combustion  environment. 
The  loading  parameter  was  related  to  a  function  of  the  following  combustion-related  quantities: 
gas  temperature,  equivalence  ratio,  the  vitiation  ratio,  and  various  other  parameters  pertaining  to 
the  combustion  mixture  composition. 

Mullcr-Dcthlcfs  and  Schjlader  [reference  15]  studied  the  effect  of  steam  on  the  burning  velocity 
of  premixed  propane  and  ethylene  flames  atrd  concluded  that  steam  did  not  act  as  an  inert 
diluent,  but  it  gave  rise  to  a  greater  heat  rclea.se  which  counteracted  the  cooling  effect  of  the 
added  steam.  No  mechanism  was  offered. 

Kuehl  [reference  161,  nnd  Korol  and  Mulpuru  [reference  17]  investigated  the  effect  on  flame 
speed  due  to  the  changes  in  chemical  reactions  produced  by  the  presence  of  water  vapor.  It  was, 
however,  not  convincingly  established  that  the  flame  speed,  for  example,  is  affected  by  the  water 
vapor  solely  due  to  cither  of  two  parameters  considered,  namely  the  radiative  heat  loss,  or  the 
changes  in  chemical  reactions. 

More  recently,  work  carried  out  by  Pellet,  Jenizen,  Wilson  and  Northam  [reference  18]  on  the 
effect  of  water  vapor  on  H2-O2  diffusion  flames,  showed  that  the  presence  of  water  vapor  in  the 
air  results  in  a  decrease  in  the  flame  extinction  limit.  This  contrasted  strongly  with  the  analogous 
substitution  of  water  for  N2  in  a  premixed  flame,  which  was  shown  by  Koroll  and  Mulpuru  to 
lead  to  a  significantly  kinetically-controlled  incrca.se  in  laminar  flame  speed.  A  .spread  of  more 
than  25  per  cent  was  found  by  Pellet  ct  al..  to  exist  between  the  quenching  effect  of  water  in  a 
(relatively  cool)  diffusion  flame  at  flameout  and  the  combustion  enhancing  effect  of  water  in  a 
(relatively  hot)  premixed  flame. 

Finally,  Williams  [reference  19]  presented  a  review  of  the  work  pursued  by  himself  and  his  co- 
workers  in  the  area  of  extinction  of  laminar  flames.  The  review  concentrated  mainly  on  the  use 
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of  inert  materials,  such  as  H2O,  CO2  and  N2,  as  suppressants  and  a  means  of  extinguishing 
laminar  diffusion  flames.  In  this  connection  he  presented  the  view  that  the  ultimate  extinction  of 
a  flame  was  due  to  excessive  heat  loss  either  to  the  rich  or  the  lean  side  of  the  flame,  or  both. 
This  heat  loss,  it  was  also  pointed  out,  could  be  enhanced  by  the  presence  of  a  suppressant,  for 
example  water,  or  by  a  large  flame  stretch.  Thus,  he  concluded  that  evaluation  of  the  heat  loss  to 
water  and  the  subsequent  decrease  in  flame  temperature  were  important  in  understanding  flame 
extinction.  Two  factors  pointed  out  by  Williams  as  worthy  of  consideration  were  the  non¬ 
uniformity  introduced  by  turbulent  mixing  in  the  high  speed  flow,  and  differential  diffusion  of 
the  liquid  water  suppressant  and  the  gaseous  (fuel,  oxidizer  and  product)  species.  Due  to  these 
effects,  flamelets  at  one  location  might  be  subject  to  very  high  quantities  of  suppressant  while 
flamelets  at  another  location  may  not  see  any  suppressant  at  all.  The  separate  flow  phenomena 
could  have  significant  effects  on  the  extinction  properties,  and  also,  possibly  radiation,  due  to 
their  nonlinear  dependence  on  flame  cooling. 

L2.1_CQmbustion  with  Fuel  and  Qxvgen  Addition 

A  possible  method  of  increasing  the  heat  release  in  the  primary  zone  of  the  combustor,  in  an 
attempt  to  recover  the  temperature  drop  that  may  have  occurred  across  the  combustor  as  a  result 
of  operation  under  air-water  mixture  conditions,  is  to  increase  the  fuel  equivalence  ratio,  enrich 
the  air  with  oxygen,  or  utilize  a  combination  of  both.  Operation  under  these  modified  conditions 
can  be  expected  to  result  in  modifications  in  the  combustion  processes  caused  by  (i)  increased 
combustion  activity  and  rise  in  local  temperature,  (ii)  the  resulting  vaporization  of  the  water, 
when  the  quantity  of  water  and  the  droplet  sizes  in  the  primary  zone  are  small,  and  the 
simultaneous  increase  in  vitiation  due  to  water  vapor,  and  decrease  in  gas  phase  temperature,  and 
(iii)  simple  heating  of  water,  when  the  quantity  of  water  and  size  of  water  entities  are  large,  and 
decrease  in  gas  phase  temperature. 

The  three  types  of  processes  are  obviously  interactive,  and  in  a  given  case,  there  is  a  net  effect  on 
combustion.  The  three  processes  depend  not  only  upon  the  total  amount  of  water  entering  the 
primai7  zone  but  also  on  the  manner  in  which  the  water  enters  the  primary  zone.  For  example, 
water  may  enter  the  primary  zone  in  part  through  the  injector  cups  and  in  part  also  due  to 
recirculation  of  air-water  mixture  that  enters  through  the  primary  holes.  It  must  be  noted  here 
that  the  rest  of  the  water  in  the  original  mixture  enters  the  combu.stor  further  downstream  through 
the  dilution  or  secondary  holes.  However,  the  different  parts  of  the  water  entering  the  primary 
zone  have  different  physical  characteristics,  and,  therefore,  undergo  and  also  cause  different 
types  of  changes  in  combustion. 

The  operating  condition  with  an  increased  fuel  equivalence  ratio  may  be  related  to  the  condition 
of  operation  using  air  enriched  with  oxygen.  There  are  both  similarities  as  well  as  differences 
between  the  two  cases.  When  the  fuel  equivalence  ratio  is  increased,  there  arises,  also,  an 
increase,  locally,  in  combustor  temperature,  a  resulting  increase  in  water  heating  and 
vaporization,  an  increa.se  in  vitiation  due  to  water  vapor,  and  a  decrease  in  gas  phase  temperature. 
However,  increase  of  fuel  equivalence  ratio  gives  rise  to  increased  combustor  temperature  due  to 
the  direct  effect  of  fuel  addition,  with  a  possible  decrca.se  in  combustion  efficiency,  while 
enrichment  of  mixture  with  oxygen  improves  local  combustion  efficiency  and  hence  gives  rise  to 
an  incrca.se  in  combu.stor  temperature.  The  combination  of  both  an  increase  of  fuel  equivalence 
ratio  and  enrichment  of  air  with  oxygen  could  thus  be  expected  to  result  in  a  larger  increase  in 
heat  release  due  to  an  improvement  in  combustion  efficiency,  and  hence,  the  quantity  of  fuel 
burned,  as  a  result  of  the  incrca.sed  oxygen  content  in  the  air  and  a  simultaneous  increase  in  fuel 
equivalence  ratio. 
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The  possibility  of  recovering  the  combustor  exit  temperature  in  an  environment  of  operation  with 
an  air- water  mixture  by  the  addition  of  fuel  and  oxygen,  either  separately  or  together,  has 
significant  implications  to  flight  operations  of  an  engine.  At  the  same  time,  the  experiments 
provide  opportunities  for  understanding  the  detailed  processes  and  mechanisms  involved  in 
combustion  in  the  presence  of  liquid  water. 

L2.2  Effect  of  Air  and  Fuel  Temperature 

An  increase  in  the  initial  air  temperature  will  increase  the  flame  temperature.  However,  it  has 
been  shown  [reference  20],  that  only  about  one-half  of  an  increase  in  initial  temperature  is 
translated  into  an  increase  in  flame  temperature.  Although  the  increase  in  initial  air  temperature 
raises  the  flame  temperature,  the  extent  of  increase  is  less  than  anticipated,  owing  to  additional 
energy  being  stored  in  the  form  of  dissociated  species,  mainly  CO  and  H2.  For  the  case  of 
increased  air  temperature  combined  with  addition  of  liquid  waier,  the  increase  in  flame 
temperature  leads  to  larger  quantities  of  water  undergoing  vaporization,  and  hence,  higher  levels 
of  vitiation.  In  the  current  facility,  the  heated  air  requirements  arc  met  through  pre-combustion, 
which  results  in  a  vitiated  air  supply  (that  is.  abnormally  high  H2O  and  CO2  concentrations  and 
lower  O2  concentrations).  In  both  cases,  the  amount  of  fuel  that  can  be  burned  per  unit  mass  of 
mixture  is  reduced  by  the  lower  oxygen  concentration.  A  secondary  effect,  also  reducing  the 
flame  temperature,  is  the  higher  specific  heat  resulting  from  higher  levels  of  CO2  and  H2O  in  the 
products. 

The  fuel  utilized  in  the  investigation  is  JET-A.  For  convenience,  some  of  the  properties  of  the 
fuel  are  summarized  in  Table  1  [reference  20].  Concerning  fuel  temperature,  an  increase  in  the 
fuel  temperature  has  a  large  effect  on  the  fuel  evaporation  rate  [reference  20].  In  general,  the 
evaporation  rate  increases  with  fuel  temperature,  partly  because  of  the  higher  volatility  but  also 
because  of  finer  atomization  due  to  the  reduction  in  vi.sco.sity.  The  higher  evaporation  rate  leads 
to  larger  quantities  of  vaporized  fuel  in  the  primary  zone  which,  in  turn,  results  in  higher  amounts 
of  heat  release.  In  the  case  of  combustion  with  an  air-water  mixture,  the  increase  in  local  heat 
release  may  lead  to  larger  levels  of  heat  transfer  to  the  water  and  a  corresponding  drop  in  gas 
phase  temperature  due  to  the  vaporization  of  water. 

TABLE  1.  REPRESENTATIVE  SPECIFICATION  DATA  FOR  JET-A 


Specification 

JET-A 

Flash  point, 

(min) 

311 

ai  ^00  ''i\y  ivg/i4ici 

0.775 

(max) 

0.8930 

Freezing  point, 

(max) 

226 

Viscosity  at  253  ^K,  m^/s 

(max) 

8.0  xlO-6 

Specific  energy  (net),  MJ/kg 

(min) 

42.8 

1.3  COMBUSTOR  OPERATING  CONDITIONS  OF  INTEREST 

Typical  aircraft  fight  operations  that  may  be  affected  by  water  ingestion  include  take-off,  cruise, 
de.sceni,  and  landing.  The  engine  operating  condition,  in  particular,  the  throttle  .setting  or  the 
power  .setting  during  the  foregoing  flight  operations  will  be  different  for  each  case.  During  take- 
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off,  there  is  a  possibility  of  rainfall  being  combined  with  other  atmospheric  events,  however,  the 
engine  power  output  is  at  a  maximum.  In  the  cruise  condition,  the  aircraft  can  be  expected  to 
operate  at  altitudes  higher  than  those  where  rain  and  hail  storms  normally  occur,  and  the  engine 
power  demand  is  comparatively  low.  Few  incidents  are  reported  during  cruise  operation.  During 
a  descent  operation,  the  aircraft  may  pass  through  altitudes  at  which  rain  and  hail  storms  may 
occur,  and  the  engine  power  demand  is  substantial  while  the  power  setting  may  correspond  to 
flight-idle  operation.  In  view  of  the  particularly  critical  conditions  expected  during  a  descent 
operation  with  flight-idle  conditions,  there  is  considerable  interest  in  the  performance  of  the 
combustor  at  power  settings  equal  to  or  less  than  that  of  the  flight  descent  setting.  In  the  current 
investigation,  the  main  interest  is  flight-idle  and  idle  settings  of  the  engine. 

1.4  ISSUES 

The  major  problem  in  the  prediffuser-combustor  clement  during  ingestion  of  water  into  an 
engine  is  that  v/ater  enters  the  prediffuser,  along  with  air,  in  generally  arbitrary  state,  form,  and 
quantity.  Several  issues  may  then  be  identified  cs  affecting  the  performance  of  the  combustor, 
primarily  the  temperature  increase,  the  pressure  loss  and  the  flame  stability: 

1.  The  prcdiffu.ser  performance  becomes  modified  on  account  of  the  presence  of  water  in 
vapor,  film,  and  droplet  form.  The  state  of  the  air-water  mixture  becomes  modified  at  the 
diffuser  exit. 

2.  In  the  space  between  the  exit  of  the  prediffuscr  and  the  combustor  dome,  there  aie  further 
changes  in  the  state  of  the  mixtures  as  well  as  in  its  velocity  distribution.  These  changes, 
affect  the  flow  split  and  the  supply  of  the  mixture  to  the  injector  cup  sect’on. 

3.  The  modifications  in  the  flow  through  the  cup  and  in  the  flow  split  affect  the  state  of  the 
mixture  in  the  primai7  zone.  Also,  the  flowficld  in  the  primary  zone  becomes  modified. 

4.  The  flow  that  forms  the  outer  and  the  inner  secondary  stream  enters  in  part  the  primary 
zone  and  the  dilution  zone,  and  the  rest  of  the  flow  is  utilized  to  cool  the  turbine.  The 
water  in  the  secondary  flow  is  affected  by  gravitational  action. 

5.  The  primaiy  zone  operates  with  a  particular  value  of  fuel  equivalence  ratio,  that  may  be 
referred  to  as  the  local  equivalence  ratio,  which  is  considerably  larger  than  the  nominal 
equivalence  ratio  at  which  the  combu.stor  may  be  specified  to  be  operated. 

6.  The  fuel  distribution  in  the  different  paiis  of  the  primary  zone  may  be  affected  by  the 
distribution  of  water  entering  the  zone,  which  itself  may  be  affected  by  the  air  flow 
velocity.  It  should  be  noted  that  the  residence  time  of  the  mixture  is  inversely 
proportional  to  air  flow  velocity. 

On  ignition,  a  .series  of  processes  occur  that  are  strongly  interactive  and  almost  simultaneous, 
although  each  of  them  has  characteristic  time  and  length  (or  velocity)  scales.  These  processes 
may  be  identified  as  follows;  (i)  flame  formation  and  heat  release;  (ii)  mixing,  and  flame 
propagation;  (iii)  gas  phase  temperature  increa.se;  (iv)  heat  transfer  to  liquid  phase;  (v)  phase 
change  of  pai't  of  the  liquid;  (vi)  mixing,  and  generation  of  final  value  of  mixture  temperature 
and  pressure;  (vii)  escape  of  unburnt  hydrocarbons;  and  (viii)  e.scape  of  variously  heated  water  in 
the  exhaust  and  in  the  sccondru-y  stream  supplied  to  the  turbine. 
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The  progress  of  the  above  multi-faceted  and  complex  processes  is  the  major  issue  in  the 
combustor  element. 

One  method  of  understanding  the  above  issue  is  to  proceed  as  follows: 

a.  The  combustor  may  be  divided  into  the  primary  zone  and  the  dilution  zone. 

b.  The  combustor  may  be  said  to  operate  with  a  combustion  efficiency,  with  reference  to  the 
heat  released,  11^.  It  is  clear  that  115  is  affected  by  the  initial  vapor  content  in  the  air- 
water  mixture,  the  vapor  that  becomes  generated  by  the  evaporation  of  water,  the 
reduction  in  the  gas  phase  temperature  due  to  heat  release  to  the  liquid  phase,  and  the 
mechanical  effects  of  the  presence  of  water  entities.  The  combined  effect  of  these 
processes  results  in  changes  in  the  extent  of  completion  of  the  combustion  reactions  and 
the  quantity  of  unbumt  hydrocarbons  in  the  exhaust  gases. 

c.  The  heat  transfer  to  the  liquid  phase  and  vaporization  may  be  said  to  occur  with 
efficiencies  and  ,  respectively.  They  are  functions  of  the  difference  between  the 
temperatures  of  the  gaseous  and  liquid  phases,  the  total  amount  of  water  present  in  the 
primary  zone  as  a  fraction  of  the  gas  phase,  and  the  form  in  which  water  is  present.  A 
small  quantity  of  water  in  fine  dioplet  form,  for  example,  affects  the  processes  of  heat 
transfer  and  the  combustion  very  differently  from  a  large  quantity  of  water  in  fine  droplet 
form  or  in  large  drop  and  ligament  form. 

The  interactions  among  (a),  (b),  and  (c)  may  be  explained  with  reference  to  figure  6.  The 
majority  of  the  combustion  processes  occur  in  the  primary  zone  of  the  combustor;  thus,  the 
quantity  of  water  present  in  the  primary  zone  has  a  large  influence  on  the  heat  release  in  the 
primary  zone.  The  overall  combustor  performance  can  be  described  in  terms  of  (i)  the  local 
combustion  efficiency,  (ii)  the  resultant  heat  release,  and  (iii)  the  quantity  of  unbumed  fuel 
exiting  the  combustor.  When  a  combustor  operates  with  an  air-water  mixture,  comprised  of  both 
liquid  and  vapor,  a  large  fraction  of  the  air-water  mixture  can  be  expected  to  enter  the  primary 
zone.  Since  the  liquid  water  entities  move  slower  than  the  air  stream,  an  accumulation  of  water 
arises  in  the  primary  zone.  The  increase  in  the  residence  time  of  the  water  droplets  in  the 
primary  zone,  and  subsequent  flash  evaporation,  give  rise  to  pockets  of  steam,  and  a  reduction  in 
the  gas  phase  temperature,  in  the  neighborhood  of  the  vaporized  water  droplet.  This  results  in  a 
reduction  in  the  heat  release  (or  increase  in  inefficiency)  and  reaction  rate,  and  an  increase  in  the 
quantity  of  unbumed  hydrocarbons.  The  drop  in  flame  temperature  results  in  less  heat  being 
available  for  the  heating  and  evaporation  of  water.  The  air-water  mixture  in  the  dilution  zone 
tends  to  reduce  the  gas  temperature  further  as  a  result  of  heat  transfer  to  the  water  in  the  dilution 
zone.  Thus,  there  exists  a  balance  between  the  amount  of  heat  release  and  the  heat  transfer  to 
water  during  combustion  with  an  air-water  mixture.  A  dominance  in  the  cooling  effect  of  the 
water  can  be  expected  to  lead  to  quenching  of  the  flame. 

i.b  objectivf:.s 

The  overall  objective  of  the  investigation  are  (i)  the  determination  of  the  nature  and  magnitude  of 
the  effects  on  the  performance  and  output  of  a  gas  turbine  prediffuser-cornbustor,  operated  with 
an  air-water  mixture,  and  (ii)  the  establishment  of  the  extent  to  which  such  effects  may  be 
modified  with  an  increase  in  fuel  equivalence  ratio,  and  an  enrichment  of  air  with  oxygen. 
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Specifically,  there  are  two  objectives  in  the  investigation:  (i)  establish  the  amount  of  water 
entering  the  primary  zone  as  a  function  of  the  entry  conditions  to  the  prediffuser;  and  (ii) 
examine  the  gain  in  gas  phase  temperature,  the  loss  in  pressure  across  the  combustor,  and  flame 
stability  including  the  occurrence  of  flameout  as  a  function  of  mixture  and  operational 
conditions.  An  attempt  is  made  to  elucidate  the  balance  among  chemical  heat  release,  heating 
and  vaporization  of  water,  and  physical-chemical  effects  due  to  liquid  water  entities  and  vitiation 
with  water  vapor. 

L6  OUTLINE 

In  Section  2,  a  description  of  the  two-phase  flow  tunnel  and  the  test  article  is  given.  In  Section  3, 
an  outline  of  the  investigation  is  provided  along  with  details  of  the  test  plans  and  procedure.  The 
results  and  observations  of  the  cold  flow  and  burning  tests  are  given  in  Sections  4  and  5, 
respectively.  An  analysis  and  discussion  of  the  results  is  provided  in  Section  6.  Finally, 
conclusions  are  given  in  Section  7. 
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The  test  facility  consists  of  the  following:  (1)  A  three-dimensional,  two-phase  flow  tunnel;  (2)  an 
air  supply  system;  (3)  processing  and  injection  systems  for  water  in  film  and  spray  form;  (4)  fuel 
supply  and  processing  systems;  (5)  an  oxygen  supply  system;  (6)  facility  instrumentation  and 
cono-ol  systems;  and  (7)  data  acquisition  and  processing  systems.  The  overall  test  facility  is 
given  in  schematic  in  figure  7,  and  items  1  through  7  are  described  in  Sections  2.1  through  2.7 
sequentially.  The  test  article  consists  of  a  60  degree  sector  of  an  annular  gas  turbine  prediffuser- 
combustor  unit,  with  three  fuel  injectors.  A  photograph  of  the  test  article  is  provided  in  figure  8. 
A  description  of  the  test  article  and  the  fuel  injection  system,  the  ignition  system  and  the 
instrumentation  follows  in  Section  2.8. 


2.1  TWO-PHASE  FLOW  TUNNEL 

The  two-phase  flow  tunnel  consists  of  the  following  components:  (1)  an  air  supply  duct;  (2)  an 
inlet  plenum  chamber  in  which  the  incoming  flow  from  the  system  settles;  (3)  a  converging  duct 
which  connects  the  plenum  chamber  to  the  spray  injection  section;  (4)  a  section  in  which  water  is 
injected  in  spray  form  and  also  honeycomb  segments  are  included  to  increase  flow  uniformity; 
(5)  a  transition  section  which  alters  the  annulus  geometry  to  match  that  of  the  prediffuser;  (6)  a 
section  in  which  a  film  of  water  can  be  injected  along  the  top  wall  of  the  tunnel;  and  (7)  the  test 
section  with  provision  for  installation  of  various  test  models.  A  schematic  representation  of  the 
two-phase  flow  tunnel  is  provided  in  figure  9  and  10,  and  photographs  of  the  tunnel  (with  the  test 
article  installed)  configured  for  cold  flow  tests  and  burning  tests  are  provided  in  figures  1 1  and 
12,  respectively. 

Incoming  flow  from  the  air  supply  enters  the  inlet  plenum  chamber  and  flows  through  a  series  of 
baffle  plates.  The  plates  serve  to  settle  and  diffuse  the  air  flow  from  the  air  supply  ducting 
before  it  is  supplied  to  the  test  section.  The  spray  injection  section  has  been  designed  to 
incorporate  a  series  of  commercial  spray  nozzles.  A  series  of  honeycomb  segments,  which 
envelope  the  nozzles,  has  been  installed  in  this  section  in  order  to  reduce  possible  flow 
disturbances  that  may  be  caused  by  the  presence  of  nozzles  and  to  ensure  that  the  air  is  supplied 
to  the  test  section  with  a  fairly  uniform  velocity  distribution.  The  converging  transition  section 
serves  to  homogenize  the  spray  distribution  before  entry  to  the  film  injection  section. 


Currently,  the  anncl  is  configured  for  a  60  degree  sector  of  an  annular  combustor.  The  sector,  as 
shown  in  figure  13,  is  circular  in  cro.ss-section.  Therefore  the  two-phase  flow  tunnel  elements 
(iii)  and  (iv)  in  figure  9  are  also  circular  in  cross-section.  A  test  article  may  be  incorporated  in 
the  tunnel  in  several  ways  relative  to  the  gravitational  direction  as  shown  in  figure  14.  It  is 
possible  in  this  manner  to  test  a  given  sector  in  one  of  four  relative  positions  in  an  annular 

CoiiiuUMUi.  aJiU  VwiiiCai,  iii  aiiu  in  Iw  iiiv/  ^lu vaiaiiv/iiui  vna 

position  (2)  and  (3)  inclined  at  an  angle  to  the  vertical.  Since  the  shape  of  the  flow  annulus  at  the 
exit  of  the  film  injection  .section  (part  (vi)  in  figure  9)  is  matched  to  the  shape  of  the  prediffuser 
section  of  the  test  article,  when  the  test  article  is  turned  to  positions  2,  3  or  4,  the  elements  (iv) 
through  (vi)  have  to  be  turned  as  well.  Provision  has  been  made  for  such  a  rotation  of  the 
required  part  of  the  tunnel  by  means  of  a  roller  support  mechanism  (not  included  in  figure  9)  at 
the  flanges  between  the  connecting  duct  and  the  spray  injection  section,  and  between  the  test 
article  and  the  exhaust  duct.  The  photograph  of  the  tunnel  given  in  figure  12  shows  the  tunnel  in 
position  2  of  figure  14.  Provisions  have  been  made  for  drainage  of  excess  water  from  the  tunnel 
at  the  inlet  plenum  camber  and  the  test  article. 
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2.2  AIR  SUPPLY  SYSTEM 


The  air  supply  system  utilizes  high  pressure  air,  which  is  stored  in  reservoir  tanks  at 
approximately  15,0  MPa.  The  air  supply  to  the  two-phase  flow  tunnel  (at  pressures  of  the  order 
7  to  41  kPa)  is  divided  into  the  primary,  and  the  (combustor)  heated  air  subsystems.  Each  of 
those  is  regulated  to  the  required  pressure  by  means  of  a  hand  loader.  A  schematic  of  the  air 
supply  system  is  given  in  figure  15,  and  the  associated  nomenclature  is  given  in  figure  16. 


The  air  can  be  supplied  to  the  tunnel  at  desired  value  of  temperature  (up  to  about  95®  C)  by 
mixing  cold  air  with  products  of  combustion  from  a  methanol-fueled  combustor.  This  method 
leads  to  some  vitiation  and  depletion  of  oxygen  in  the  air  supplied  to  the  test  combustor. 
However,  it  has  been  found  that  combustion  is  feasible  with  cold  air,  although  ignition  requires 
heating  of  air  and  also  the  combustor  itself.  Meanwhile,  it  must  be  noted  that  operation  under 
cold  air  flow  conditions  affects  (a)  the  combustion  efficiency,  and  (b)  the  amount  of  water,  when 
injected,  that  can  undergo  heating  and  vaporization  at  different  locations  in  the  combustor, 

A  typical  power  gas  turbine  combustor-can  is  used  to  heat  the  incoming  air  to  a  temperature  of 
the  order  of  55  C  to  260  C.  Figure  15  depicts  the  location  of  the  air  heater.  The  combustor  bums 
methanol  fuel  (under  lean  conditions)  which  is  supplied  to  the  combustor  from  a  large  storage 
tank  by  utilizing  a  regulated  nitrogen  supply  to  pressurize  the  fuel  system  as  required.  The  flow 
rate  of  methanol  is  controlled  and  measured  by  means  of  a  needle  valve-type  rotameter  of  about 
34  Lph  capacity. 

A  standard  airblast  atomizer,  mounted  in  the  combustor  wall  near  the  dome  of  the  can,  is  utilized 
to  atomize  the  methanol  fuel.  The  airblast  is  provided  to  the  nozzle  by  regulating  shop  air, 
available  at  about  690  kPa,  to  a  required  pressure  so  that  a  high  degree  of  atomization  of  the  fuel 
is  obtained  for  stable  combustion. 


The  air-methanol  mixture  in  the  primary  zone  of  the  combustor  is  then  ignited  by  providing  a 
spark  at  a  frequency  of  approximately  4(X)  Hz.  This  is  accon  plished  by  means  of  an  aviation 
spark  plug  connected  to  an  electronic  timing  mechanism. 

2.3  WATER  PROCESSING  AND  INJECTION  SYSTEMS 


I’he  water  supply  system  has  been  designed  to  deliver  filtered  city  water  at  the  desired  pressure 
and  flow  rate  to  both  the  film  injection  device  and  the  spray  nozzles.  Figures  17  and  19  provide 
a  schematic  of  the  water  supply  and  processing  systems,  respectively.  City  water  (at  about  690 
kPa)  is  fed  through  a  series  of  three  Culligan  water  filters  (5  micron  mesh)  to  remove  mineral 
deposits  and  rust.  The  filtered  water  flows  into  a  reservoir  tank  from  which  it  is  pumped  (26 
Lpm,  620  kPa)  to  the  twin  control  cabinets  which  supply  the  film  injection  device  and  the  spray 
nozzles.  A  bypass  loop  with  a  relief  valve  (set  at  690  kPa),  which  allows  a  desired  amount  of 
water  to  be  bled  off  at  the  discharge  of  the  pump,  is  used  as  a  means  of  controlling  the  pressure 
of  the  water  delivered  to  the  control  cabinets. 


Each  water  regulation  unit  consists  of  two  flowmeters  of  large  (26  Lpm)  and  small  (1 1  Lpm) 
capacities,  corresponding  'coarse'  and  'fine'  adjustment  valves  for  each  flow  meter,  and  a  water 
pressure  gauge.  Filtered  water  at  the  desired  pressure  and  flow  rate  can  thus  be  delivered  to 
either  or  both  the  film  and  spray  injection  systems. 
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Two  heat  exchangers  have  been  mounted,  in  series,  in  the  water  supply  system  immediately 
upstream  of  the  film  and  spray  injection  manifolds.  The  heat  exchangers,  which  can  be  filled 
with  a  mixture  of  solid  carbon  dioxide,  ice  and  liquid  water,  have  been  utilized  to  chill  the  water 
supply  to  a  temperature  of  about  5°  to  7°  C.  A  strip  heater  has  been  mounted  on  each  of  the  film 
and  spray  water  supply  lines  downstream  of  the  heat  exchangers  in  order  to  adjust  the 
temperature  of  the  chilled  water  to  a  desired  temperature.  Thus  the  water  is  first  chilled  to  a 
nearly  constant  low  temperature  and  then  heated  to  the  desired  value  of  tempierature. 


2,3.2  Water  Injection  Scheme 

Water  in  the  form  of  droplets  of  various  volumetric  mean  diameters  ranging  from  20  pm  can  be 
injected  into  the  test  rig  through  a  set  of  nozzles  obtained  from  Spraying  Systems,  Inc.  The 
characteristics  of  each  of  the  selected  nozzles,  obtained  form  the  manufacturer,  are  provided  in 
Appendix  A.  An  air-assist  is  required  for  obtaining  small  droplet  diameters  (<50  pm).  In 
addition,  large  quantities  of  water,  up  to  18  per  cent  of  the  mass  fraction  of  air  flow,  may  need  to 
be  atomized.  In  such  cases,  in  order  to  operate  the  selected  nozzles,  shop  air  at  kPa  is 
regulated  to  obtain  the  air  pressure  specified  by  the  manufactuier  for  the  injector.  Both  types  of 
nozzles  chosen  produce  a  flat  pe  (elliptical)  spray  pattern  and  are  thus  mounted  in  the  tunnel  so 
that  the  spread  of  the  spray  is  in  the  direction  corresponding  to  the  width  of  the  tunnel.  The 
nozzles  also  have  relatively  small  spray  angles  so  that  the  impact  of  spray  on  the  side  walls  is 
small.  Placement  and  orientation  of  the  nozzles  (relative  to  air  flow  direction)  can  be  adjusted  to 
provide  a  uniform  distribution  of  spray  at  entry  to  the  test  article,  and  minimize  the  spread  of  the 
overall  spray  cone  and  impact  of  spray  on  tunnel  walls.  Figures  20  and  21  show  the 
configuration  of  the  spray  nozzles  mounted  in  the  spray  injector  manifold.  The  nozzles  are 
enveloped  in  honeycomb  flow  straighieners  so  that  the  spray  enters  nearly  uniform  flow.  There 
are  no  further  flow  disturbing  features  up  to  the  prediffuser-combustor  test  section. 


Water  can  also  be  injected  into  the  test  rig  in  the  form  a  thin  film.  Provision  has  been  made 
for  film  injection  approximately  5  cm  upstream  of  the  test  article.  Film  injection  can  be  arranged 
either  on  the  top  or  the  bottom  wall  in  order  to  establish  the  effects  of  gravity.  Water,  at  the 
desired  flow  rate  and  pressure  (slightly  higher  than  the  tunnel  pressure),  is  delivered  to  a 
plexiglass  reservoir  where  it  ir,  fed  through  a  series  of  baffle  plates.  The  water  then  flows  into 
the  tunnel  through  a  'knife  edge'  slit  and  enters  the  tunnel.  A  component  of  momentum  in  the  air 
flow  direction  is  imparted  to  the  water  as  it  flows  out  over  the  'knife  edge'  and  into  the  tunnel  so 
that  the  film  initially  becomes  attached  to  the  top  wall.  Tlie  settling  chamber  ensures  that  the 
water  is  evenly  supplied  along  the  length  ^f  the  slit  to  obtain  steady  and  uniform  injection.  The 
knife  edge  has  been  machined  so  as  to  ni,.  the  curved  top  surface  of  the  tunnel  exactly,  and,  at 
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form  of  a  jet.  The  thickness  of  the  film  admitted  into  the  test  section  is  controlled  by  adjusting 
the  width  of  the  slit.  A  photograph  of  the  film  injection  device  is  provided  in  figure  22. 


2.4  RJEL  SUPPLY  AND  PROCESSING  SYSTEMS 


The  fuel  utilized  for  all  the  burning  tests  was  JET-A.  The  physical  properties  of  the  fuel  are 
previously  summarized  for  convenience  in  Table  1.  Details  of  the  individual  constituents  and  the 
reaction  mechanisms  which  can  be  utilized  in  modelling  the  oxidation  of  JET-A  may  be  found  in 
reference  21. 
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2.4. 1  Fuel  Supply 


JET-A  fuel  is  supplied  to  the  test  article  from  a  large  storage  tank  by  utilizing  a  regulated 
nitrogen  tank  to  pressurize  the  fuel  system  to  550  kPa.  The  fuel  is  supplied  to  the  three  fuel 
injectors  in  the  three  injector  cups  of  the  combustor  by  means  of  individually  regulated  fuel  lines. 
The  fuel  lines  are  connected  to  a  single  manifold  that  is  supplied  with  pressurized  fuel  at  a  rate 
corresponding  to  the  desired  value  of  equivalence  ratio.  In  the  current  series  of  tests,  the  fuel 
flow  rate  ranges  from  7.0  to  15  ml/s  and  is  controlled  by  means  of  a  remotely  actuated,  20-tum, 
needle  valve.  A  paddle  wheel  type  micro  flow  meter  is  utilized  to  determine  the  fuel  flow  rate  to 
an  accuracy  of  ±  0.5  per  cent.  A  5  |.im  particle  size  fuel  filter  has  been  installed  in  the  fuel 
system  upstream  of  the  fuel  control  needle  valve  and  the  flow  meter.  A  schematic  of  the  fuel 
.supply  system  is  given  in  figure  23  and  the  associated  nomenclature  is  given  in  figure  24. 
Details  of  the  flow  meter  calibration  and  the  individual  fuel  nozzle  performance  tests  are  given  in 
Appendix  B.  A  three-way,  directional  control,  solenoid  valve  has  been  installed  on  each  of  the 
three  fuel  injector  supply  lines  in  close  proximity  to  the  test  article.  Tliis  allows  the  fuel  supply 
to  the  three  injectors  to  be  bypassed  into  a  dump  tank  during  the  warm  up  cycle,  prior  to  an 
ignition  attempt,  for  example,  during  the  tests  utilizing  heated  fuel. 

2.4.2  Fuel  Piocessing 

A  hot  water  heat  exchanger  has  been  installed  in  the  fuel  supply  system,  upsu-eam  of  the  fuel 
filter,  to  provide  for  burning  tests  cairied  out  under  conditions  of  heated  fuel.  The  luel  can  be 
heated  up  to  a  temperature  of  approximately  70^’  C.  A  thermostatically  contiolled  immersion 
heater  is  utilized  to  heat  the  water  in  the  fuel  processor  to  a  temperature  less  than  iOOoC.  The 
fuel  temperature  is  measured  at  the  entrance  to  the  fuel  manifold  by  means  of  a  type-k 
thermocouple.  The  water  temperature  in  the  processor  is  regulated  by  means  of  a  PID 
temperature  controller  so  as  to  give  the  desired  fuel  temperature  at  the  fuel  manifold.  The  heat 
exchanger,  as  well  as  the  fuel  lines  downstream  of  the  fuel  processor,  has  been  insulated  in  order 
to  keep  the  drop  in  the  fuel  temperature  between  the  processor  and  the  manifold  at  a  minimum. 

2.5  OXYGEN  SUPPLY  SYSTEM 

The  oxygen  supply  system  consists  of  a  gaseous  oxygen  storage  cylinder,  pressurized  to  13.8 
MPa;  a  dual  stage  oxygen  regulator;  a  two-way  solenoid  shutoff  valve;  and  a  choked  flow  nozzle. 
The  flow  rate  of  gaseous  oxygen  supplied  to  the  air  .supply  entering  the  two-phase  flow  tunnel, 
ranging  between  7.3  and  9.1  g/s,  is  regulated  by  setting  the  oxygen  pressure  upstreant  of  the 
choked  flow  nozzle  to  a  predetermined  value  which  corresponds  to  the  desired  oxygen  mass  flow 
rate  through  the  choked  flow  nozzle.  The  upstream  pressure  is  set  by  adjusting  the  dual  stage 
regulator  prior  to  a  test.  The  solenoid  actuated  shutoff  valve  is  then  energized  from  the  control 
room,  adjacent  to  the  test  cell,  whenever  gaseous  oxygen  is  required  during  a  test.  The  oxygen  is 
injected  into  the  air  flow  immediately  upstream  of  the  inlet  plenum  chamber  of  the  tunnel  to 
ensure  adequate  mixing.  A  schematic  of  the  oxygen  supply  system  is  given  in  figure  25. 

2.6  FACILITY  INSTRUMENTATION  AND  CONTROL  SYSTEM 

Instrumentation  has  been  installed  in  the  test  facility  in  order  to  provide  a  means  by  which  the 
state  of  the  following  can  be  detcmiincd:  the  air  flowing  through  the  air  system  (and  the  test  rig), 
the  water  injected  into  the  test  rig,  the  aviation  kerosene  (JET-A)  fuel  supplied  to  the  test 
combustor,  and  the  oxygen  additive  supplied  to  the  test  rig.  At  the  same  time,  provisions  have 
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been  made  which  enable  each  system  to  be  controlled  by  utilizing  the  facility  instrumentation  in 
conjunction  with  various  control  devices  to  provide  the  desired  conditions  in  the  test  article. 

2.6.1  Air  Supply 

Measurements  are  required  at  several  locations  in  the  air  system,  as  well  as  the  test  rig  itself,  in 
order  to  obtain  the  desired  pressure,  temperature  and  mass  flow  rate  of  air  in  the  test  article. 
Pressure  gauges  have  been  installed  in  the  high  pressure  air  supply,  in  the  primary  air  system 
upstream  of  the  mixing  valves,  and  in  the  combustor  air  stream  upstream  of  the  combustor  in 
order  to  establish  the  facility  inlet  conditions.  Two  calibrated  orifice  plates,  obtained  from 
Daniel  Industries,  one  located  in  the  primary  air  line  upstream  of  the  mixing  valves,  and  one 
located  in  the  heated  air  line  upstream  of  the  combustor,  provide  a  means  of  determining  the 
mass  flow  rate  of  air  through  each  system.  The  differential  pressure  across  each  orifice  place  is 
measured  with  a  pressure  gauge  located  on  the  console.  Type  K  thermocouples  installed  on  the 
upstream  side  of  each  orifice  are  used  to  measure  the  temperatures  of  the  inlet  air  streams  which 
can  be  displayed  on  an  Omega  digicator. 

Six  type-k  thermocouples  have  been  installed  on  the  outside  wall  of  the  prediffuser  in  order  to 
provide  a  means  of  monitoring  the  temperature  of  the  diffuser,  particularly  during  a  combustion 
test,  llie  output  from  the  thermocouples  is  displayed  on  the  control  panel.  Thermocouples  have 
also  been  installed  in  the  air  system  at  the  heater  exit  and  in  the  mixed-air  line  downstream  of  the 
mixing  valves.  The  former  is  used  as  a  safety  feature  in  relation  to  proof-of-ignition  and  is 
continuously  displayed  and  monitored.  The  output  form  the  second  thermocouple  is  displayed 
on  the  digicator  and  used  in  conjunction  with  the  mixing  valves  as  a  means  of  determining  and 
controlling  the  temperature  of  the  mixed-air  delivered  to  the  test  rig. 

An  AS  ME  standard  flow  nozzle  has  been  designed  and  incorporated  into  the  air  supply  system 
upstream  of  the  test  rig  in  order  to  determine  the  actual  mass  flow  rate  of  air  entering  the  test  rig. 
A  Validyne  pressure  measurement  system  measures  the  upstream  and  the  differential  pressures 
and  they  ju^e  stored  in  the  computer.  The  air  temperature  measured  immediately  upstream  of  the 
nozzle,  is  also  stored  in  the  computer  and  u.sed  for  the  calculation  of  the  mass  flow  rate  of  air  into 
the  test  rig. 

2.6.2  Waicr  Supply 

The  state  of  the  water  which  is  delivered  to  the  film  injector  and  the  spray  nozzles  is  determined 
by  utilizing  three  pressure  gauges,  several  flow  meters  (rotameters)  of  various  capacities,  and  a 
type  K  thermocouple.  Tliermocouples  just  upstream  of  the  film  injector  and  the  spray  nozzles 
measure  the  water  temperatures,  that  are  stored  in  the  computer  for  later  reference. 

Control  of  the  water  supply  system  is  achieved  in  two  stages.  First,  the  pressure  and  the  flow 
rate  of  water  delivered  to  the  twin  injection  control  cabinets  can  be  controlled  by  adjusting 
calibration  valves,  located  in  the  calibration  cabinet  upstream  of  the  four  rotameters,  and  by 
opening  bleed  valves  (which  control  the  quantity  of  water  to  be  bled  off  the  mainstream  back  to 
the  reservoir  tank)  until  the  desired  pressure  and  flow  rate  is  obtained.  The  second  stage  is  ba.sed 
on  adjusting  coarse  and  fine  needle  valves  in  each  injection  control  cabinet  until  the  desired 
pressure  and  flow  rate  of  water  are  delivered  to  the  film  injector  and  the  spray  nozzles. 
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2.6.3  Jet-A  Fuel  SuddIv 

Aviation  kerosene  can  be  supplied  to  the  test  combustor  at  room  temperature  as  well  as  at  desired 
elevated  temperatures  (below  1(X)®C).  The  fuel  is  pressurized  to  the  required  pressure  by  means 
of  a  regulated  nitrogen  supply,  controlled  with  a  hand  loader  on  the  control  panel.  The  pressure 
of  the  fuel  in  the  tank  is  measured  and  displayed  on  the  control  panel.  In  order  to  measure  the 
temperature  of  the  fuel,  type-k  thermocouples  have  been  install^  in  the  injector  manifold  and 
immediately  upstream  of  the  micro  flowmeter.  The  temperature  data  are  stored  in  the  computer 
for  later  reference.  The  flow  rat  of  the  fuel  is  measured  by  means  of  a  paddle  wheel  type  flow 
meter.  The  output  form  the  flow  meter  (pulses  per  sec)  is  converted  to  a  corresponding 
calibrated  flow  rate  and  is  displayed  on  a  digital  readout  on  the  control  panel.  The  signal  is  also 
stored  on  the  computer. 

The  temperature  of  the  water  in  the  heat  exchanger  in  the  fuel  processor  is  controlled  by  means 
of  a  thermostatically  controlled  immersion  heater.  The  heat  exchanger  is  operated  only  when 
heated  fuel  is  required. 

2.6.4  Oxygen  Supply 

The  oxygen  can  be  supplied  to  the  test  section  at  atmospheric  temperature.  Ihe  pressure  of  the 
oxygen  supply  is  controlled  by  means  of  a  pressure  regulator.  A  solenoid-operated  shutoff  valve 
is  utilized  to  control  the  flow  of  oxygen  into  the  test  rig.  A  choked  flow  nozzle  has  been 
installed  in  the  oxygen  supply  line  as  a  means  of  determining  the  mass  flow  rate  of  oxygen. 

2.7  DATA  ACQUISITION  AND  PROCESSING  SYSTEMS 


The  data  acquisition  system  consists  of  the  following:  a  Zenith  personal  computer;  a  Computer 
Boards,  Inc.  CiO-DAS08-PGA  analog-to-digital  conversion  board;  a  Validyne  Data  System;  a 
Sony  CCD  (Charged-Coupled  Device)  V-99  video  camera;  and  a  Data  Translation  DT2851  high 
speed  frame  grabber.  The  Zenith  computer  utilizes  a  DOS  operating  system.  Both  the  operating 
system  and  the  experimental  data  have  been  stored  on  3.5  inch  floppy  disks  as  well  as  on  the 
hard  drive  of  the  computer.  The  analog-to-digital  conversion  board  has  been  utilized  to  convcit 
analog  signals  to  the  computer  into  binary  form.  The  board  has  8  channels  with  12  bits  of 
unipolar  rc.solution.  During  a  typical  test,  data  arc  acquired  at  a  rate  of  approximately  1  Hz.  The 
Validyne  Data  System,  which  consists  of  a  MCl-lO  Multi-Channel  Modular  Transducer  Main 
Frame  and  7  CD- 19  High  Gain  Carrier  Demodulator  Modules,  has  been  used  with  7  DP- 15 
transducers  to  acquire  measurements  pressure  throughout  the  test  facility.  In  particular,  the 
pressure  drop  across  the  flow  nozzle  as  well  as  the  static  pressure  at  the  inlet,  the  test  combustor 
inlet  and  exit  stagnation  pressures,  the  static  pressure  at  the  inlet  plenum  chamber,  and  the 
.stagnation  pressure  in  the  spray  injection  section.  The  system  al.so  provide  a  means  for  acquiring 
weight  measurements,  with  an  Omega  LCL-()2()  (9  kg,  max)  load  cell,  of  water  collected  in  the 
test  article. 


Photographic  data  have  been  obtained  by  means  of  a  Sony  CCD  V-99  video  camera.  The  data 
have  been  recorded  on  8  mm  video  tapes.  During  processing  of  the  data,  the  video  tapes  have 
been  played  back  by  means  of  a  video  recorder  (in  the  camera),  and  the  photographic  data  have 
been  sent  to  a  Data  Translation  DT2851  high  speed  frame  grabber  which  captures  any  selected 
image.  A  software  routine  called  IRIS  has  been  used  to  control  the  DT285i  frame  grabber,  to 
process  images,  and  to  store  the  processed  images  on  high  density  diskettes. 
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The  test  article  is  a  60-degrcc  sector  of  an  annular  combustor  from  a  typical  high  bypass  ratio 
turbofan  engine.  It  consists  of  a  prediffuser  and  a  combustor.  The  prediffuser  is  a  dump-type 
prediffuser  and  has  no  compressor  exit  guide  vanes.  A  photograph  of  the  prediffuser  is  given  in 
figure  26.  The  combustor  has  three  swirl  cups  and  three  fuel  injectors  equipped  with  pressure 
swirl  atomizers. 

The  combustor  sector  model  is  designed  and  built  such  that  the  cooling  stream  of  air  (in  the  outer 
and  inner  jacket  of  the  combustor)  enters  the  main  chamber  through  the  primary  and  secondary 
jets  in  total,  in  other  words,  there  is  no  separate  outlet  for  the  combustor  cooling  air  (figure  14). 
The  combustor  can  be  operated  with  corrected  air  mass  flow  rates  corresponding  to  chosen 
engine  operating  conditions,  such  as  flight-idle  or  ground-idle.  The  corrected  air  mass  flow  rates 
corresponding  to  the  flight-idle  and  ground-idle  operating  conditions  for  the  test  article  have 
been  chosen  as  0.45  kg/s  and  0.36  kg/s,  respectively.  Under  these  operating  conditions,  the  ratio 
of  the  flow  split  between  the  main  and  two  cooling  streams  is  approximately  29:33:38,  and  the 
pressure  loss  across  the  diffuser-combustor  clement  (AP/P)  is  between  5.0  and  6.0  per  cent. 

The  combustor  is  mounted  in  a  stainless  steel  test  section  equipped  with  viewing  ports  on  either 
side  and  on  top  of  the  combustor  liner  for  flow  visualization  studies.  During  the  cold  flow  tests, 
plexiglass  windows  have  been  mounted  in  the  viewing  ports  and  during  the  combustion  tests,  the 
plexiglass  windows  have  been  replaced  with  quartz  windows.  The  test  section  is  equipped  with 
water  collection  attachments,  mounted  at  the  lowest  points  in  the  inner  liner,  so  that  the  flow  rate 
of  water  through  the  main  and  secondary  streams  can  be  monitored.  The  position  of  the  water 
collection  attachments  is  illustrated  in  figure  13.  The  test  anicle  can  be  tested  in  one  of  four 
relative  positions  in  an  annular  combustor:  position  1  and  4  vertical,  in  and  in  opposition  to  the 
gravitational  direction,  and  position  2  and  3  inclined  at  an  angle  to  the  vertical,  as  shown  in 
figure  14. 

2.8.2  Fuel  Injection  System 

Fuel,  pressurized  to  approximately  500  kPa,  is  supplied  to  the  fuel  injectors  by  means  of  three 
individually  regulated  fuel  lines.  Tlnce  Delavan  pressure  swirl  atomizes  (Model  No.  27710-1), 
with  spray  angles  of  approximately  75  degrees  have  been  utilized  in  the  injectors.  The 
combustor  is  equipped  with  three  counter-rotational  swirl-type  injector  cups.  Swirl  is  induced  in 
the  flow  through  the  cups  by  means  of  two  sets  of  openings;  one  which  is  circular  and  induces 
rotation  in  a  clockwise  direction  and  the  other  which  is  a  vane-type  configuration  and  induces 
rotation  in  a  counter-clockwise  direction. 

2.8.3  Ignition  System 

The  sector  is  equipped  with  a  standard  aircraft  gas  turbine  ignitor  plug  (Unison  Industries  1374 
M12  POl)  and  ignitor  lead  (Unison  Industries  9339  M26  IHW).  A  Unison  Industries  9238  M66 
P()7  exciter  has  been  utilized  as  the  spark  source.  It  is  powered  by  a  115  V,  400  Hz  aviation 
power  supply  and  outputs  a  15-20  kV  pulse  voltage  at  approximately  1.0  Hz. 
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2J^_lmitrumentatiQn 


The  tempt. ature  rise  and  the  pressure  loss  across  the  combustor  have  been  measured  using 
shielded  type-k  thermocouples,  and  pilot  probes  mounted  in  the  prediffuser  and  in  the  combustor 
exit  flange,  respectively.  The  occurrence  of  an  ignition  or  a  flameout  is  established  by  the 
combined  use  of  thermocouples  for  establishing  the  noticeable,  large  increase  or  reduction  in 
exhaust  gas  temperature  and  also,  a  CD  cell  that  is  exposed  to  the  primary  zone  of  the  combustor 
through  the  transparent  quartz  windows  for  detecting  both  a  bright  and  a  quenched  flame. 


20 


Details  of  the  plans  and  procedures  for  the  experimental  investigation  are  provided  in  this 
chapter.  The  experimental  investigation  consists  of  two  parts,  first  tests  carried  out  under  cold 
flow  conditions,  and  second  combustion  tests.  The  cold  flow  tests  have  been  devoted  to 
determining  the  distribution  of  water  in  the  combustor  when  an  air-water  mixture  is  supplied  to 
it.  Combustion  tests  have  been  carried  out  to  establish  the  effects  on  perfoimance,  recoverability 
of  combustor  exit  temperature,  and  flarneout  under  various  flow  conditions,  including  the 
addition  of  oxygen  to  the  air.  A  description  of  the  test  plans  is  given  in  section  3.1,  and  details  of 
the  test  procedures  for  the  cold  flow  and  burning  tests  arc  provided  in  section  3.2. 

3.]  TEST  PLANS 

3.1.1  Cold  Flow  Tests 

In  order  to  estimate  the  influence  of  water  droplets  on  combustion,  it  is  necessary  to  have  a 
knowledge  of  the  total  qua-  .ity  of  water  entering  the  primary  zo.>c  of  the  test  article,  as  well  as 
the  number  density  and  droplet  size  distribution,  as  a  function  of  the  properties  of  the  air-water 
mixture  at  the  inlet  of  thi.  prediffuser.  In  the  cold  flow  tests,  the  principal  parameters  of  interest 
are  the  amount  of  water  flowing  through  the  primary  zone  on  account  of  entry  through  the  dome 
and  the  primary  jets,  and  the  size  distribution  of  water  droplets  and  ligaments  in  the  primary 
zone.  The  tests  have  been  conducted  with  water  in  the  form  of  a  film,  a  spray,  or  a  combination 
of  film  and  spray.  The  tests  have  been  carried  out  with  both  large  and  small  droplet  sizes  and 
with  the  test  article  oriented  in  positions  1  and  2  of  figure  14.  The  range  of  test  parameters  for 
the  cold  flow  tests  is  given  in  table  2. 

TABLE  2.  IL^NGE  OF  COLD  FLOW  TEST  PARAMElTiRS 


1 

Air  mass  flow  rate  ( rii„ ) 

2 

Mass  fraction  of  injected  film  (Xwf) 

0-2  per  cent  j 

mm 

Mass  traction  of  injected  spray  (Xwd) 

0-8  per  cent 

Si 

Nominal  sjjray  drop  size  (Dw) 

[5 _ 

Combustor  orientation  (fig  13) 

1  and  2 

3,1.2  Burninti  Tests 

The  burning  test  plan  consi.st.s  of  five  ptu'ts:  (A)  Combustion  at  fixed  equivalence  ratio  under 
conditions  of  operation  with  air  only  (denoted  as  A-A)  and  operation  with  air-water  mixture 
(denoted  as  A-W),  for  establishing  performance  changes,  including  fiameout;  (B)  combustion 
with  various  values  of  equivalence  ratio  in  order  todelenninc  the  possible  recovery  of  exhaust 
temperature  under  conditions  of  water  ingestion;  (C)  combustion  utilizing  air  enriched  with 
oxygen  during  operation  with  air  only  (denoted  as  C-A)  and  operation  with  air-water  mixture 
(denoted  as  C-W),  in  order  to  determine  the  effects  of  addition  of  oxygen  on  combustion 
performance;  (D1  combustion  with  increased  fuel  equivalence  ratio,  and  air  enriched  with  oxygen 
in  order  to  determine  the  possible  recovery  of  exhaust  temperature  under  condition.s  of  water 
ingestion;  and  (E)  ad  hoc  diagnostic  tests  with  healing  of  air,  etc.  The  range  of  test  parameters 
utilized  in  the  burning  tests  (A),  (B),  (C),  (D),  and  (E)  is  given  in  table  3.  The  tests  have  been 
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carried  out  with  both  large  and  small  droplet  sizes  and  with  the  test  article  oriented  in  position  1 
and  2  of  figure  14. 


TABLE  3.  RANGE  OF  BURNING  TEST  PARAMETERS 


Air  mass  flow  rate  ( rh^,) 

m 

Mass  fraction  of  injected  film  (Xwf) 

!■ 

Mass  fraction  of  injected  spray  (Xwd) 

4 

Nominal  spray  drop  size  (Dw) 

25  and  750  |im  ] 

5 

Fuel  equivalence  ratio  (i})) 

Injected  water  temperature  (T^) 

70  and  200  C 

m 

Fuel  temperature  (Tf) 

2(P  and  40^  C 

Gi 

Mass  fraction  of  oxygen  additive  (X()2) 

riTTlTTmiM 

Inlet  air  temperature  (Tair) 

l()Oand  400  C 

m 

(Combustor  oncntatlon  (figure  13) 

1  and  2 

3.1.3  Test  Coiulitinns 

All  of  the  tests  have  been  conducted,  as  stated  in  section  1.3,  under  conditions  corresponding  to 
flight  idle  and  ground  idle  operation.  The  combustor  operating  parameters  under  those 
conditions  are  listed  in  table  4. 

I'ABLE  4.  COMBUSl'OR  OPERATING  PARAMEIERS 


Operating 

Condition 

CoiTccted  air  Mass 
Flow  Rate  (kg.s) 

<}> 

Flight-Idle 

0.454 

0.3 

Ground-Idle 

0)5 

In  the  foregoing,  concerning  the  group  (B)  tests,  it  was  mentioned  earlier  that  a  maximum  limit 
was  imposed  on  the  fuel  equivalence  ratio  utilized.  The  actual  limit  chosen  for  the  fuel 
equivalence  ratio  ([)  was  0.4,  based  on  limiting  the  temperature  that  the  combustor  wall  and  otlier 
parts  of  the  test  set-up  could  attain. 

It  may  be  pointed  out  that  each  of  the  groups  of  combustor  tests  has  been  conducted  with  the 
mass  How  rate  of  air  through  the  test  article  maintained  constant,  rather  than  the  static  pressure 
drop  between  the  entry  and  the  combustor  internal  section.  In  the  cunent  test  article,  it  is  not 
possible  to  vary  the  mass  flux  and  the  pres.surc  drop  independently  of  each  other  because  of  the 
fact  that  the  secondary  air  flow  does  not  have  controllable  exits.  In  other  words,  the  secondary 
air  stream  exits  are  closed  and  all  of  the  air  di.schargcs  through  the  exit  of  the  main  stream. 
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12  TEST PROCEDURE 
12.1  Cold  Flow  Tests 


In  the  cold  flow  tests,  the  amount  of  water  flowing  through  the  primary  zone  has  been 
established  as  the  difference  between  the  total  amount  of  water  admitted  per  unit  time  with  air  at 
ent^  to  the  combustor  and  the  amount  of  water  that  could  be  collected  per  unit  time  by  means  of 
drains  located  in  the  inner  wall  of  the  combustor  test  section.  During  a  test,  the  collected  water  is 
continuously  drained  into  a  jar  which  is  suspended  beneath  the  test  rig  on  a  load  cell  by  means  of 
a  cable.  The  pressure  in  the  jar  is  equalized  with  the  local  pressure  in  the  test  article  near  the 
drainage  tubes  by  means  of  a  breather  tube.  This  allows  the  water  to  drain  freely  under 
gravitational  action.  The  load  cell  provides  a  continuous  signal  to  the  computer  by  means  of  the 
Validyne  carrier  demodulator  module  (as  described  in  Chapter  2).  A  computer  routine  has  been 
utiliz^  to  sample  the  signal  at  a  frequency  of  approximately  0.2  Hz  and  convert  to  a  calibrated 
weight  measurement  of  the  jar  and  water  as  a  function  of  time.  The  discretized  time  history  can 
then  be  convened  into  a  time  history  of  the  mass  fraction  of  water  as  a  per  cent  value  of  that 
which  is  injected  into  the  airstream  at  entry  to  the  prediffuser.  Tlie  tests  have  been  conducted 
with  water  addition  in  three  ways  as  follows:  film  only;  spray  only;  and  the  film  content  held  a 
mass  fraction  2.0  per  cent  and  the  spray  content  varied  over  a  mass  fraction  range  of  zero  to  8.0 
per  cent. 

The  overall  scheme  for  determining  the  water  distribution  in  the  combustor  is  as  follows;  the 
combustor  secondary  holes  are  blocked  off;  the  combustor  is  supplied  with  cold  air-water 
mixture  at  chosen  values  of  air  pressure,  temperature,  and  mass  flux,  and  water  form  and  mass 
fraction;  and  the  amount  of  water  entering  the  primary  zone,  through  the  dome  section  and  the 
primary  jets,  is  established  as  the  difference  between  the  amount  of  water  at  entry  to  the 
combustor  and  the  amount  of  water  that  flows  in  the  outer  stream.  In  conducting  the  tests,  the 
following  have  been  noted: 

(i)  Each  set  of  values  of  mass  flow  of  air,  pressure,  and  temperature  represent  a  value  of 
corrected  mass  flow,  that  corresponds  to  an  engine  operating  condition  such  as  ground- 
idle  and  flight-idle.  The  available  ranges  of  air  supply  and  test  parameters  in  the 
investigation  generally  yield  flowficlds  in  tlie  engine  idle  to  flight  idle  operation  ranges. 

(ii)  The  combustor  sector  model  has  been  designed  and  build  such  that  the  cooling  stream  of 
air  (in  the  outer  jacket  of  the  combustor)  enters  the  main  chamber  through  the  primary 
and  secondary  jets  in  total,  in  other  words,  there  is  no  separate  outlet  for  the  combustor 
cooling  air  (figure  14). 

(iii)  A  combustor  operation  is  specified  by  the  mass  flow  rate  of  air,  the  changes  in  stagnation 
pressure  (AP/P2.  say),  and  the  air-fuel  ratio.  With  known  values  of  P2  and  T2,  the  flow 
velocity  in  the  combustor  then  becomes  fixed.  Also,  a  given  combustor  yields  a  unique 
flow  split  for  given  entry  conditions  and  AP/P2.  In  view  of  the  design  of  the  test 
combustor  sector,  as  described  in  (ii)  above,  there  is  no  provision  for  obtaining  in  a  test  a 
desired  combination  of  independent  values  of  AP/P2  and  mass  flux.  If  a  value  of  AP/P2 
is  cho.sen,  then  the  mass  flux  becomes  fixed,  since  the  combustor  is  open  to  the 
atmosphere. 

(iv)  As  stated  earlier  in  the  de.scripiion  of  the  overall  scheme  for  detennining  the  amount  of 
water  entering  the  primary  zone,  the  secondary  holes  needed  to  be  blocked  off  during  the 
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tests.  In  the  actual  combustor  operation  with  combustion,  both  the  primary  and  the 
secondary  jets  must  remain  open  to  ensure  necessary  cooling.  Thus  the  values  of  AP/P2 
that  are  of  interest  are  the  values  obtained  with  both  the  primary  and  the  secondary  jets 
open,  with  various  air-water  mixtures,  and  under  burning  conditions. 

(v)  One  may  consider  obtaining  the  value  of  water  entering  the  primary  zone  by  establishing 
the  difference  in  the  amounts  of  water  under  conditions  of  the  combustor  operating  with 
all  holes  open  and  with  the  dome  and  primary  holes  closed.  Unfortunately  such  a  test 
will  produce  an  erroneous  value  for  the  amount  of  water  entering  through  the  secondary 
holes.  Finally,  one  may  consider  direct  collection  of  water  entering  through  the  dome 
and  the  primary  jets  by  means  of  individual  ducting.  Such  a  scheme,  however,  introduces 
serious  interferences  in  the  flowpath. 

In  view  of  the  foregoing  considerations,  the  cold  flow  tests  have  been  carried  out  as  follows: 

1 .  The  amounts  of  water  entering  the  primary  zone  have  been  established  for  several  chosen 
air  flow  rates  and  with  various  air-water  mixtures,  under  the  conditions  with  the 
secondary  holes  clo.sed,  and  with  all  the  holes  open.  It  has  been  realized  that  these  two 
.sets  of  tests  would  yield  two  different  bodies  of  data,  that  together  could  yield  an  overall 
understanding  of  the  distribution  of  water  in  various  cases. 

2.  Video  photography  of  the  flowficld  has  been  conducted  under  various  conditions  of  air- 
water  inixturc. 

Flow  visualization  has  been  carried  out  using  video-photography  with  forward  scattering  of 
incandescent  light  being  utilized  as  the  illumination  technique.  A  Sony  CCD  V-99  video  camera 
with  shutter  speeds  ranging  from  0. 1  to  4.0  m.scc  and  with  400  lines  of  horizontal  resolution  has 
been  utilized.  The  camera  has  a  wide  angle  lens  with  an  adjustable  focal  length  ranging  from  1 1 
mm  to  2.5  meters.  A  macro  lens  has  been  used  for  focusing  at  distances  between  1 1  and  88  mm. 
In  each  case,  the  flowficld  in  the  primary  zone  of  the  combustor  has  been  photographed  (with  the 
shutter  .speed  .set  between  0.1  and  4.0  msec)  in  a  plane  that  is  parallel  to  the  direction  of  flow.  In 
order  to  determine  tiie  range  of  droplet  sizes  in  the  primary  zone,  photographic  data  that  have 
been  obtained  during  the  flow  visualization  and  stored  on  a  video  tape  have  been  sent  to  a  Data 
Translation  DT2851  frame  grabber  during  playback.  Selected  frames  have  been  captured  and 
.stored  on  high  density  floppy  disks  for  later  processing.  The  diameter  of  the  droplets  in  the 
images  has  been  measured  manually  with  the  aid  of  a  measuring  grid  provided  by  the  .software 
package  (IRIS).  The  .scaling  factor  that  is  required  in  estimating  the  actual  size  of  the  droplets 
has  been  obtained  by  comparing  a  known  dimension  on  the  test  article  to  the  corresponding 
dimension  in  the  image.  This  scaling  factor  has  been  used  to  detemiine  the  actual  size  of  the 
droplets.  During  video-imaging,  the  camera  is  focused  on  the  X-Y  plane  coincident  with  the 
center  cup.  However,  since  the  whole  flowficld  is  illuminated,  droplets  in  planes  on  either  side 
of  the  focu.scd  plane  also  appear  in  the  image.  To  overcome  this  problem,  a  representative  set  of 
4  images  for  each  test  has  been  processed  and  the  largest  and  smallest  diameters  obtained  have 
been  taken  to  be  representative  of  the  limits  of  the  droplet  sizes  in  the  focal  plane  of  the  camera. 

3.2.2  Rurninti  Tests 

The  procedures  for  the  five  groups  of  burning  tests  A,  B.  C,  D,  and  E  may  be  summarized  as 
follows: 
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Group  A:  (i)  With  chosen  values  of  mj,  Tair.  Tf,  and  <j),  the  combustor  is  lighted  up. 
Performance  data  are  acquired  on  reaching  steady  state  conditions,  (ii)  Water  is  admitted  at  the 
desired  mass  fraction  and  in  the  desired  form.  Performance  data  are  acquired  once  the  combustor 
exit  temperature  reaches  a  steady  state  value,  (iii)  The  mass  fraction  of  admitted  water  is 
increased  to  a  chosen  higher  value,  and  performance  data  are  acquired  once  a  steady  state 
condition  is  reached,  (iv)  Step  (iii)  is  repeated  until  a  flameout  occurs.  This  group  of  tests  has 
been  conducted  with  the  combustor  in  settings  1  and  2  (figure  14).  it  should  be  pointed  out  that 
for  the  tests  carried  out  in  setting  2,  the  mass  fraction  of  water  in  spray  form  has  been  increased 
to  a  maximum  value  of  4  per  cent  and  a  flameout  has  not  been  observed. 

Group  B:  The  test  procedure  is  as  follows:  (i)  and  (ii)  The  same  as  (i)  and  (ii)  in  Group  A.  (iii) 
The  fuel  flow  rate  is  then  gradually  increased  until  either  the  combustor  exit  temperature 
increases  to  the  steady  state  values  observed  in  step  (i),  or  the  equivalence  ratio,  ()),  reaches  the 
chosen  limiting  value  of  0.4.  The  combustor  performance  data  are  then  acquired.  Then  <))  is 
reduced  to  the  steady  state  value  in  step  (i),  and  the  water  is  turned  off.  (iv;  Once  the  combustor 
exit  temperature  reaches  the  same  steady  state  value  that  had  been  observed  in  step  (i),  water  is 
admitted  at  a  mass  fraction  value  larger  than  in  the  previous  step,  and  performance  data  are 
acquired  once  a  steady  state  condition  is  reached,  (v)  Steps  (iii)  to  (iv)  are  repeated  until  a 
flameout  occurs. 

Group  C:  These  tests  consist  of  the  performance  tests  with  oxygen  addition.  The  oxygen  has 
been  injected  into  the  air  supply  immediately  upstream  of  the  inlet  plenum  chamber  of  the 
tunnel.  The  maximum  mass  fraction  of  injected  water  has  been  limited  to  12  per  cent.  The 
procedure  for  the  perfomaance  tests  is  as  follows:  (i)  With  chosen  values  of  mg,  Tair.  Tf,  and  ()>, 
the  combustor  is  lighted  up.  Performance  data  are  acquired  on  reaching  steady  state  conditions, 
(ii)  2.0  per  cent  oxygen  is  then  added  to  the  air  supply  and  performance  data  are  recorded  once  a 
stable  combustor  exit  temperature  is  obtained,  (iii)  The  oxygen  is  then  turned  off,  and  once  the 
combustor  exit  temperature  has  stabilized,  water  is  admitted  at  the  desired  mass  fraction  and  in 
the  desired  form.  Performance  data  are  acquired  once  the  combustor  exit  temperature  has 
reached  a  steady  state  value,  (iv)  2.0  per  cent  oxygen  is  then  added  to  the  air  supply  and 
performance  data  are  acquired,  tv)  Step  (iii)  is  repeated  and  the  mas  fraction  of  admitted  water  is 
increased  to  a  cho.scn  higher  value,  and  performance  data  are  acquired  once  a  steady  state 
condition  is  reached,  (vi)  The  test  is  concluded  once  performance  data  have  been  obtained  for 
watei  mass  fractions  up  to  12  per  cent. 

Group  D:  The  procedure  of  the  recovery  te.st  with  oxygen  addition  is  as  follows:  (i),  (ii)  and  (iii) 
The  same  as  (i),  (ii)  and  (iii)  in  Group  C  performance  test,  (iv)  2.0  per  cent  oxygen  is  added  to 
the  air  supply  and  then  the  fuel  flow  rate  is  gradually  increased  until  either  the  combustor  exit 
temperature  has  increased  to  the  steady  state  values  ob.served  in  step  (i),  or  the  equivalence  ratio, 
()),  has  reached  the  chosen  limiting  value  of  0.4.  The  combustor  performance  data  are  acquired. 
Then  ({)  is  reduced  to  the  steady  state  value  in  step  (i),  and  the  oxygen  and  the  water  are  turned 
off.  (v)  Once  the  combustor  exit  temperature  has  reached  the  same  steady  state  value  that  had 
been  ob.served  in  step  (i),  water  is  admitted  at  a  mass  fraction  value  larger  than  in  the  previous 
step,  and  performance  data  are  acquired  once  a  steady  state  condition  has  been  reached,  (v) 
Steps  (iv)  to  (v)  arc  repeated  until  the  ma.ss  fraction  of  injected  spray  has  reached  8.0  per  cent. 

Group  E:  The  test  pimedurc  in  this  case  is  identical  to  that  adopted  in  case  A,  except  that  the 
inlet  air  is  heated  and,  in  some  cases,  the  fuel  is  also  preheated  before  being  injected  into  the 
combustor. 
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In  each  test,  the  temperature  rise  and  the  pressure  loss  across  the  combustor  have  been  measured 
using  standard  probes.  The  occurrence  of  flameout  has  been  established  by  the  combined  use  of 
thermocouples  for  establishing  the  noticeable,  large  reduction  in  exhaust  gas  temperature  and 
also,  a  CD  cell  that  is  exposed  to  the  primary  zone  of  the  combustor  through  the  transparent 
quartz  windows  for  detecting  a  quenched  flame. 

It  should  be  noted  that  in  curved  combustor  sector,  the  flow  of  water  into  the  primary  zone 
through  the  injector  cups  and  the  primary  jets  is  affected  by  gravity.  The  center  cup  and  the 
primary  zone  in  front  of  it  can  be  expected  to  receive  a  different  amount  of  water,  and  ^so,  in  all 
likelihood,  a  different  amount  of  air  compared  with  the  side  cups  and  the  primary  zone  sections 
in  front  of  them.  The  water  distribution  becomes  further  affected  when  the  combustor  is 
operated  in  the  different  angular  settings  (shown  in  figure  14).  In  the  combustion  experiments 
performed  with  the  combustor  in  setting  2  (figure  14),  the  cup  displaced  the  most  in  the 
gravitational  direction  can  be  expected  to  be  the  most  readily  and  the  greatest  affected  for  a  given 
set  of  operational  and  water  injection  condition^',  while  the  cup  that  is  displaced  the  least  with 
respect  to  the  gravitational  direction  may  be  operating  simultaneously  with  little  water  and  hence 
with  little  change  in  combustion  characteristics.  In  this  regard,  one  can  also  expect  substantial 
differences  in  the  performance  of  different  cases  for  the  cases  of  injection  of  film,  spray,  and 
combinations  of  film  and  spray. 

The  current  tests,  conducted  with  a  specific  prediffuser-combustor,  yield  results  that  are  in 
several  respects  te.st  article  geometry-dependent.  Thus,  the  results  must  be  considered  from  the 
point  of  view  of  the  trends  realized  with  respect  to  various  processes  and  aspects  of 
phenomenology. 
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The  results  and  observations  obtained  during  the  cold  flow  series  of  tests  are  provided  in  this 
chapter.  Experimental  results  of  the  redistribution  of  water  in  the  test  article,  along  with 
observations  obtained  during  the  tests  are  provided  in  Section  4.2.  Observations  that  have  been 
made  during  flow  visualization  are  presented  in  Section  4.3  and  results  of  the  droplet  size 
distribution  in  the  primary  zone  are  given  in  Section  4.3. 

4.1  COLD  FLOW  TEST  SERIES 

The  objectives  of  the  cold  flow  series  of  tests  are  as  follows:  (1)  to  conduct  'water  collection' 
tests  in  an  attempt  to  establish  the  quantity  of  water  entering  the  primary  zone  of  the  test  article; 
(2)  by  means  of  flow  visualization  carried  out  during  selected  tests  in  (1),  to  determine  the 
physical  characteristics  of  the  water  and  the  manner  in  which  the  water  enters  the  primary  zone; 
and  (3)  by  analyzing  the  video  data  obtained  in  (2),  to  obtain  an  estimate  of  the  droplet  size 
distribution  in  the  primary  zone  for  various  air-water  mixtures  at  the  entry  of  the  prediffuser  and 
obtain  an  approximate  value  of  the  fraction  of  water  in  the  primary  zone  that  would  undergo 
'flash  evaporation'.  The  tests  have  been  conducted  with  water  addition  in  three  ways  as  follows: 
film  only;  spray  only;  and  the  film  content  held  at  a  mass  fraction  of  2.0  per  cent  and  the  spray 
content  varied  over  a  mass  fraction  range  of  zero  to  8.0  per  cent.  The  table  of  cold  flow  test 
cases  is  given  in  Table  5. 

TABLE  5.  COLD  FLOW  TEST  CASE  CONDITIONS 


Case 

Test  Conditions  1 

■BH 

^wf 

■■ 

Dw 

pm 

■H 

1 

1 

■•KUIIKM 

0;2 

0;  2;  4;  6;  8 

25 

closed 

11 

1 

in 

Bail 

closed 

111 

2 

0.45;  0.82 

071“ 

paBEnaiai 

25 

closed 

IV 

2 

mtm 

BBBBai 

7.50 

closed 

V 

1 

0.45;  0.82 

0;2 

25 

open 

VI 

1 

0.45;  0.82 

0;2 

0;  2;  4;  6;  8 

750 

open 

VII 

2 

0.45;  0.82 

■Bgi 

0;  2;  4;  6;  8 

11^ 

open 

Vlll 

2 

■  0.45;  0.82 

mam 

liMEIBHMi 

750 

open 

4,2  WATER  ENTRY  INTO  THE  PRIMARY  ZONE 

This  scries  of  tests  consists  of  water  collection  tests  carried  out  on  the  test  article  with  (i)  the 
secondary  holes  closed  in  order  to  determine  the  fraction  of  injected  water  entering  the  primary 
zone,  and  (ii)  with  all  of  the  dilution  holes  open  in  order  to  detennine  the  fraction  of  injected 
water  that  enters  the  combustor.  By  proces.sing  the  data  obtained  in  (i)  an  estimation  of  the  mass 
fraction  of  water  in  the  primary  zone  as  a  function  of  the  air-wutcr  mixture  inlet  conditions  is 
also  established. 
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The  amount  of  water  flowing  through  the  primary  zone  per  unit  time  has  been  established  as  the 
difference  between  the  total  amount  of  water  admitted  per  unit  time  with  air  at  entry  to  the 
combustor  and  the  amount  of  water  that  could  be  collected  {jer  unit  time  by  means  of  drains 
located  in  the  inner  wall  of  the  combustor  casing.  For  each  test  data  point,  the  duration  of  the 
test  is  three  minutes,  with  data  being  acquired  at  five-second  intervals.  The  value  of  tlie  test  data 
point  shown  in  the  figures  is  the  arithmetic  mean  of  the  values  obtained  during  the  three  minute 
test.  The  error  bars  correspond  to  the  standard  deviation  of  the  readings  obtained  at  each  test 
point.  The  results  of  this  part  of  the  cold  flow  tests  are  given  in  figures  27  to  50.  In  those  figures 
the  test  data  points  have  been  joined  by  continuous  lines  only  for  visual  purposes. 

Setting  1:  With  reference  to  figures  27  to  30  the  following  observations  can  be  made;  The 
amounts  of  water  entering  the  primary  zone  have  been  found  to  be  larger  than  the  amounts  in  the 
two-dimensional  tests  reported  in  figures  2  tc  5  of  reference  7.  For  the  case  of  film  injection 
only,  .  appears  that  nearly  all  of  the  water  enters  the  primary  zone,  partly  through  the  dome,  and 
substantially  through  the  pr-mary  jets.  This  observation  was  confirmed  during  the  flow 
visualization  series  of  tests.  In  the  case  of  the  two-dimensional  tests,  this  trend  was  also 
observed,  however,  the  fraction  of  film  entering  the  primary  zone  was  slightly  less  than  in  the 
three-dimensional  case.  For  a  constant  mass  fraction  of  film  injection,  with  no  spray  injection, 
an  increase  in  the  air  speed  results  in  larger  quantities  of  water  entering  the  primary  zone.  This 
ob.scrvation  is  consistent  with  those  reported  in  references  6  and  7.  The  amount  of  water  entering 
the  primary  zone  increases  with  an  increase  in  air  mass  flux  when  water  is  present 
simultaneously  in  film  and  spray  form.  This  observation  appears  to  be  independent  of  the  mean 
volumetric  drop  size  of  the  spray.  When  the  air  mass  flow  rate  is  small  and  the  spray  content  is 
large,  then  the  spray  appears  to  shield  the  dome  form  impact  of  the  film  on  tlte  dome,  and  thus 
reduces  entry  of  water  into  the  primary  zone.  This  observation  also  seems  to  be  independent  of 
the  mean  volumetric  drop  size  of  the  spray.  When  there  is  only  a  spray  of  water  (either  large  or 
small  droplets),  the  amount  of  water  entering  the  primary  zone  appears  to  be  less  than  the  amount 
entering  when  a  film  of  water  is  present  simultaneously;  thus  indicating  that  a  film  has  a  greater 
tendency  to  enter  the  primary  zone.  A  similar  observation  v/as  made  in  the  tests  carried  out  on 
the  two-dimensional  models,  however,  the  increase  in  the  total  flow  of  water  into  the  primary 
zone  ranged  form  5  to  15  per  cent,  which  is  slightly  larger  than  that  in  the  three-dimensional 
ca.se. 

Setting  2:  With  reference  to  figures  3 1  to  34,  it  can  be  noted  that  the  observations  noted  above 
apply  in  general  both  when  the  combustor  is  in  setting  1  as  well  as  in  setting  2.  The  most 
significant  observation  obtained  during  the  tests  in  setting  2  is  the  large  effect  ihai  gravity  has  on 
the  motion  of  the  film  in  the  prediffu.ser,  causing  the  film  to  flow  sideways  in  the  direction  of  the 
swirl  cup  displaced  in  the  gravitational  direction.  This  was  not  observed  in  tests  carried  out  on 
the  two-dimensional  models  [references  6  and  7|,  since  there  was  no  curvature  in  cross  section. 
The  effect  of  gravity  in  the  two-dimensional  model  tests  was,  however,  ob.scrved  to  influence  the 
point  of  separation  of  the  film  form  the  top  wall  of  the  diffuser. 

4.2-2  Fraction  of  Water  Entcrimi  the  Combustor 

This  series  of  tests  has  been  carried  out  with  the  secondary  holes  of  the  combustor  open.  The 
results  obtained  for  this  scries  of  tests  arc  given  in  figures  35  to  42.  For  the  cases  with  the 
secondary  holes  open,  the  fraction  of  injected  water  that  enters  the  combustor  is  slightly  larger, 
as  expected,  than  that  in  those  cases  where  the  secondary  holes  arc  closed.  Al.so,  an  increase  in 
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the  air  flow  rate  results  in  a  (negligibly)  small  change  in  the  fraction  of  water  entering  the 
combustor,  which  w  as  not  the  case  in  the  results  of  the  tests  described  in  section  4,2. 

4.2.3  Mass  Fraction  of  Water  in  the  Primary  Zone 

The  results  for  these  tests  are  given  in  figures  43  to  50.  With  reference  to  these  figures,  it  can  be 
observed  that  there  is  a  linear  relationship  between  the  mass  fraction  of  water  entering  the  pre¬ 
diffuser  and  the  mass  fraction  of  water  entering  the  primary  zone.  With  an  increase  in  the  air 
mass  flow  rate,  there  is  a  corresponding  propiortional  increase  in  the  mass  fraction  of  water 
entering  the  primary  zone.  For  the  case  of  large  droplet  injection  at  mass  fractions  higher  than  4 
per  cent,  a  larger  quantity  of  water  seems  to  enter  the  primary  zone  when  the  combustor  sector  is 
tilted  than  when  the  sector  is  located  symmetrically  with  respect  to  gravity,  indicating  that 
gravity  distributes  the  droplets  unfavorably  with  respect  to  the  cups  when  the  sector  is  tilted  (i.e. 
setting  2)  and  favorably  when  the  sector  is  located  symmetrically  with  respect  to  the  gravitational 
direction. 

4.1  FLOW  VISUALIZATION 

Observations  made  during  tests  conducted  with  film  injection,  indicate  that  most  of  the  water 
enters  the  primary  zone  through  the  primary  jets,  with  a  small  amount  of  water  exiting  from  the 
injecior  cups.  At  low  air  flow  rates  (that  is,  0.45  kg/s  or  less),  large  globules  of  liquid  can  be 
seen  exiting  the  swirl  cups.  At  higher  air  flew  rales,  the  globules  tend  to  break  up  and  the 
flowfield  shows  water  in  spray  form.  In  the  flow  visualization  tests  carried  out  on  the  two- 
dimensional  models  (leferences  6  and  7],  similar  features  were  observed.  It  is  established  in  the 
current  tests  that  both  the  entry  and  dispersion  of  water  (in  film  form)  are  strong  functions  of  air 
flow  velocity.  At  low  air  flow  rates,  a  small  amount  of  water  exits  through  the  cups,  however,  at 
higher  air  flow  rates,  the  amount  of  water  entering  the  primary  zone  through  the  cups  increases  to 
such  an  extent  tliat  visibility  became  extremely  limited. 

In  the  case  of  spray  injection,  it  has  been  observed  that  a  significant  quantity  of  water  enters  the 
primary  zone  through  the  swirl  cups,  predominantly  in  the  form  of  a  sw'irling  spray  cloud, 
although  at  large  flow  rates  some  of  the  water  seems  to  emerge  in  the  form  of  slow-moving 
ligaments.  For  mass  fractions  of  injected  spray  larger  than  6.0  per  cent,  the  amount  of  water  that 
flows  through  the  cups  becomes  so  large  the  visual  observation  and  video  photography  become 
extremely  difficult.  At  higher  air  flow  rales,  there  is  an  increase  in  the  dioplet  velocities  and  a 
decrease  in  the  droplet  size.  Similar  observations  were  made  during  tests  carried  out  on  Models 
II  and  III  in  references  6  and  7,  which  had  similar  geometries  and  swirl  cups  as  the  three 
dimensional  test  article.  However,  in  the  case  of  Model  I,  the  water  flowing  through  the  injector 
cups  wa.s  in  the  form  of  a  jet  for  all  conditions  tested.  This  occurred  as  a  result  of  the  combined 
effect  of  flow  through  the  cups  being  without  swirl,  and  the  large  quantity  of  flow  through  them 
as  .set  by  the  flow  split. 

Observations  of  the  flowfield  during  te.st.s  conducted  with  simultaneous  injection  of  film  and 
spray  have  generally  been  difficult  in  the  primary  zone.  At  high  values  of  air  flow  rate  (more 
than  0.45  kg/s),  no  details  can  be  identified  due  to  the  large  quantity  of  water  in  the  primary 
zone,  and  the  apparently  small  drop  sizes  in  the  mi.sty  flow.  At  air  flow  rates  of  0.45  kg/s  or  less, 
the  flowfield  is  similar  to  that  which  ai'iscs  in  the  case  of  spray  injection  (only)  under  identical 
conditions,  except  that  the  quantity  of  water  entering  the  primary  zone  through  the  primary  jets  is 
substantially  larger  as  a  result  of  the  additional  water  (in  film  form)  which  enters  the  primary 
zone  predominantly  through  the  primary  jets.  In  the  two-dimensional  tests,  similar  observations 
were  made,  however,  the  increased  flow  of  water  through  the  primary  jets  was  not  obsewed. 
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In  all  cases  of  water  injection,  the  water  entering  through  the  primary  jets  is  predominantly  in 
large  droplet  or  ligament  form.  Following  impact  of  jets  in  the  center  of  the  combustor,  the 
water  enters  the  air  recirculation  zones  towards  the  dome.  During  injection  of  large  quantities  of 
water,  there  may  arise  severe  flooding  in  the  vicinity  of  the  dome.  In  tests  carried  out  on  the 
two-dimensional  models,  no  distinction  could  be  made  between  the  different  modes  of  water 
injection. 

Cotisidering  the  influence  of  droplet  size  on  the  redistribution  of  water  in  the  combustor,  the 
small  droplets  are  observed  to  enter  the  primary  zone  through  the  injector  cups  and  the  primary 
jets  roughly  in  proportion  to  the  flow  split.  However,  in  the  case  of  large  droplets,  although  the 
total  quantity  of  water  entering  the  primary  zone  does  not  seem  to  differ  from  the  value  in  the 
case  of  small  di'oplets,  there  is  a  greater  quantity  of  water  entering  through  the  primary  jets.  In 
particular,  a  large  amount  of  water  appears  to  enter  through  the  'lower'  primary  holes,  perhaps 
assisted  by  increased  flow  into  the  inner  su'cam  due  to  gravity. 

During  water  ingestion  into  an  engine,  the  prediffuser  can  be  expected  to  operate,  under  certain 
circumstances,  with  droplet-laden  air  flow  in  the  core  of  the  flow  and  a  flow  of  water  over  the 
walls.  At  low  air  flow  rates,  it  has  been  found  in  flow  visualization  that  gravity  can  have  a 
noticeable  effect  on  the  film  motion,  causing  the  film  to  flow  sideways  towards  the  ends  of  the 
combustor  sector,  i.c.,  from  the  12  o'clock  position  towards  the  2  and  10  o'clock  positions  over 
the  .sector.  It  has  been  observed  visually  in  tests  conducted  with  the  combustor  sector  in  setting  2 
of  figure  14,  that  the  film  tends  to  flow  towards  the  cup  displaced  in  the  gravitational  direction, 
causing  the  other  two  cups  to  be  partially  starved  of  the  film.  A  pictorial  representation  of  the 
motion  is  presented  in  figure  51.  It  can  be  surmised  that  even  in  setting  1  of  figure  14,  the  outer 
two  cups  probably  receive  a  slightly  greater  amount  of  film  than  the  center  (12  o'clock  position) 
cup. 

13...1  Proplid  Sizc..DtsnibutiQii 

The  distribution  of  the  droplets  has  been  determined  based  on  the  following  assumptions:  (1)  the 
observed  cross-sectional  dimension  of  the  measured  droplets  is  taken  to  be  equal  to  the  diameters 
of  the  equivalent  spherical  droplets.  (2)  The  droplet  distribution  in  all  of  the  X-Y  planes 
throughout  the  primary  zone  is  identical  to  that  obtained  in  the  observed  plane.  (3)  The 
distribution  of  sizes  between  the  large.st  and  smallest  droplets  is  of  a  Modified  Rosin-Rammler 
form  Ireference  22).  An  example  of  a  typical  video  photograph  of  the  droplet  distribution  in  the 
primary  zone  is  given  in  figure  52. 


The  number  density  distribution  in  the  water  flux  has  been  determined  by  utilizing  assumptions 
2,  3,  mentioned  above,  and  the  measurement  of  the  total  fiux  cnieriiig  the  primary  zone,  obtained 
by  the  methods  described  in  section  4.2. 


The  following  two  assumptions  have  been  made  in  order  to  fit  a  Modified  Rosin-Rammler 
distribution  to  the  droplets  in  the  primary  zone:  99  per  cent  of  the  water  droplets  is  assumed  to 
have  a  diameter  less  than  the  diameter  of  the  largest  droplet,  and  5  per  cent  of  the  water  droplets 
is  assumed  to  have  diameters  less  than  the  diameter  of  the  .smallest  measured  droplet. 

In  references  6  and  7,  a  maximum  water  droplet  diameter  of  1,(KX)  microns  was  establi.shcd  to  be 
the  limiting  diameter  for  which  flash  evaporation  would  occur  in  the  primaiy  zone.  Utilizing  the 
same  criterion  for  droplet  evaporation,  it  has  been  bound  for  the  droplet  distribution  in  the 
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combusior  for  the  three  test  cases  considered  (Table  6),  that  22,  21  and  20  per  cent  of  the  water 
entering  the  primary  zone  could  be  expected  to  evaporate,  in  cases  1,  2  and  3,  respectively. 

TABLE  6.  CASES  FOR  ESTIMATION  OF  EFFECTS  OF  VITIATION  ON  COMBUSTION 
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The  possible  effect  of  vitiation  due  to  flash  evaporation  of  the  water  is  discussed  later  in  section 

6.2. 
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The  results  and  observations  obtained  during  the  burning  tests  are  presented  in  this  chapter.  The 
burning  test  scries  is  outlined  in  section  5.1.  A  description  of  the  performance  parameters  that 
have  been  utilized  in  the  analysis  of  the  results  is  provided  in  section  5.2.  Section  5.3  contains 
the  results  of  the  tests  carried  out  in  order  to  establish  the  pressure  loss  across  the  combustor 
sector.  The  results  of  the  combustor  perfonnance,  and  the  occurrence  of  flameout  under  air- 
water  mixture  conditions  are  provided  in  Section  5.4.  In  section  5.5,  the  results  of  the  tests 
carried  out  with  increased  fuel  equivalence  ratios,  in  an  attempt  to  increase  the  combustor  exit 
temperature  to  a  value  obtained  under  conditions  of  operation  with  air  only,  are  presented.  The 
results  of  the  tests  carried  out  in  an  attempt  to  establish  the  effect  of  water  temperature  and 
combustor  orientation  on  the  combustor  exit  temperature  are  provided  in  sections  5.6  and  5.7, 
respectively.  The  results  and  observations  for  the  burning  tests  with  oxygen  addition  are 
presented  in  section  5.9.  Finally,  section  5.10  is  devoted  to  the  results  obtained  with  a  combined 
increase  in  fuel  equivalence  ratio  and  air  enriched  with  oxygen. 

5.1  BURNING  TEST  SERIES. 

The  overall  objective  of  the  burning  test  series  is  to  establish  the  effects  on  performance, 
recoverability  of  combustor  exit  temperature,  and  flameout  under  various  flow  conditions, 
including  the  simultaneous  addition  of  fuel  and  oxygen  to  the  air.  The  burning  tests  consist  of 
five  parts,  namely,  (A),  (B),  (C),  (D),  and  (E),  as  described  in  section  3.1.  The  range  of  test 
parameters  utilized  for  the  '.'arious  burning  tests  and  the  corresponding  case  numbers  are  given  in 
tables  7  and  8. 

Table  7  contains  the  test  cases  for  parts  (A),  (B),  and  (E)  of  the  burning  test  series.  The 
combustor  performance  (and  flameout)  test  cases  are  listed  as  cases  1  and  2.  Case  1  corresponds 
to  conditions  of  small  droplet  injection,  and  case  2  conesponds  to  large  droplet  injection.  The 
combustor  exit  temperature  recovery  tests  are  listed  as  cases  3  and  4,  with  case  3  corresponding 
to  small  droplet  spray  injection,  and  case  4  corresponding  to  large  droplet  spray  injection.  Case 
5  penains  to  the  tests  carried  out  with  chilled  wat'^r  and  small  droplet  spray  injection.  The  tests 
carried  out  with  the  test  article  oriented  in  setting  2  of  figure  14  are  listed  as  case  6.  The  ad  hoc 
tests  can’ied  out  with  fuel  at  room  temperature  and  ambient  air  temperatures,  and  with  heated  fuel 
and  heated  air,  are  listed  as  cases  7  and  8,  respectively. 

The  burning  test  cases  with  oxygen  addition,  parts  (C)  and  (D),  are  presented  in  table  8.  Small 
droplet  spray  injection  has  been  utilized  for  all  of  the  tests  carried  out  with  oxygen  addition  to  the 
air.  Case  1  consi.sts  of  the  combustor  performance  tests  carried  out  with  air-water  mixture  and 
enriched  air  conditions.  Case  2  pertains  to  the  tests  carried  out  with  a  simultaneous  increase  in 
the  fuel  equivalence  ratio  and  the  oxygen  content  in  the  air. 

Before  the  results  of  the  burning  tests  are  presented,  a  brief  di.scussion  regarding  the  principal 
performance  parameters  employed  in  analyzing  the  results  is  provided. 
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TABLE  7.  BURNING  TESl'  CASES 
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TABLE  8.  BURNING  TEST  CASES  WITH  OXYGEN  ADDITION 
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5.2.  PERFORMANCE  PARAMETERS. 


The  principal  performance  parameters  employed  in  analyzing  the  results  are  as  follows: 

Pressure  Loss  Factor:  The  total  pressure  loss  across  the  dif  fuser-combustor  unit  is  a  significant 
performance  parameter.  A  relative  pressure  loss  factor  may  be  defined  as  follows  for  constant 
values  of  Pq,  and  Tq  for  the  air  supplied. 


FpL  = 
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J'orcf  being  u  reference  total  pressure  upstream  of  the  prediffuser  and  Po4  being  the  combustor 
exit  total  pressure. 

Conccniing  the  pressure  loss  factor,  it  must  be  noted  that  the  pressure  loss  depends  upon  both  the 
temperature  rise  and  the  loss  due  to  discreteness  of  the  liquid  phase.  The  overall  temperutuie  rise 
depends  upon  the  increase  in  temperature  due  to  heat  release  and  the  decrease  in  temperature 
cau.sed  by  direct  cooling  and  evaporation  of  water.  I'he  pressure  loss  due  to  the  presence  of 
droplets  and  ligaments  is  a  complicated  function  of  the  form  in  which  the  water  is  present  as  well 
as  its  mass  fraction.  I'or  example,  in  Figure  54,  there  arc  two  instances  (one  for  m,=  0.454kg/s 
and  one  for  m,=  0.363  kg/s)  where  the  pressure  drop  across  the  combustor  reduces  slighdy  when 
2  per  cent  spray  is  admitted. 

Tcmociature  Increase  I'actor:  The  total  temperature  increase  across  the  diffu.scr-combustor  unit 
is  another  significant  performance  parameter.  A  relative  temperature  increase  factor  may  be 
defined  as  follows: 
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I’oref  being  a  reference  total  temperature  up.stream  of  the  prediffuser  and  To4  being  the 
combustor  exit  total  temperature. 


It  should  be  noted  that  during  some  cases  in  the  series  of  oxygen  addition  tests,  the  combustor 
exit  icii'ipcramre  was  higher  (han  the  temperature  obtained  under  operating  conditions  with  air 
only. 


'I’he  factors  and  provide  a  measure  of  the  changes  caused  in  the  stagnation  pressure  loss 
and  the  temperature  increase  due  to  combustor  operation  with  water.  "I’lic  changes  affect  directly 
the  thrust  produced  by  the  engine.  Appendix  D  provides  a  detailed  dc.scription  of  the 
implications  of  changes  in  To4  and  i\>4. 


Recovered  Combustor  Exit  Temperature:  Under  each  set  of  operating  and  injection  conditions, 
the  highe.st  combustor  exit  temperature  that  could  be  realized  with  adjustment  of  equivalence 
ratio  (to  a  maximum  value  of  0.4)  is  presented  as  a  pcrfonnancc  parameter. 
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A  relationship  between  the  pressure  loss  across  the  combustor,  under  cold  flow  conditions,  and 
the  corrected  air  mass  flow  rate  entering  the  combustor  has  been  established  for  corrected  mass 
flow  rates  ranging  from  0.32  to  0.5  kg/s.  The  results  arc  presented  in  figure  53. 

5.4.  PERFORMANCE  AND  FLAMEQUT. 

The  conditions  pertaining  to  the  performance  and  flamcout  tests  arc  listed  in  table  7  as  cases  1 
and  2.  'fhe  results  aie  presented  in  figures  54-59.  The  combustor  ])crformance  parameters,  FpL 
and  FtI.  are  plotted  as  a  function  of  the  mass  fraction  of  water  injected  in  spray  foim.  In  each 
figure,  the  mass  fraction  of  injected  water  that  resulted  in  a  flameout  can  be  read  off  the  abcissa 
directly  below  the  data  point  corresponding  to  the  highest  mass  fraction  of  injected  water. 

Observations  from  figures  54  to  57  indicate  that  an  increase  in  the  corrected  mass  flow  latc  of  air 
has  a  significant  effect  on  the  amount  of  injected  water  that  results  in  a  flameout.  For  example, 
in  Case  1,  the  combustor,  operating  with  an  air  mass  flux  of  0.45  kg/s,  experiences  a  flameout 
with  and  Xwfl  of  only  6  per  cent  whereas,  with  an  air  mass  flux  of  0.36  kg/s,  and  Xvvd  12  to 
18  per  cent  is  required  to  extinguish  the  flame. 

liy  compiu'ing  the  results  of  cases  1  and  2,  the  effect  of  tlie  two  droplet  sizes  utilized  in  the  spray 
can  be  observed.  For  the  case  of  large  droplet  injection,  the  flameout  limits  arc  slightly 
extended,  that  is,  the  Xwd  required  to  pr^uce  a  flameout  is  larger,  compared  to  tlic  case  of  small 
droitlct  injection.  I'liis  could  be  explained  in  terms  of  increased  droplet  evaporation  due  to  the 
smaller  droplet  sizes,  and  hence  increased  vitiation  of  tlic  air,  resulting  in  a  decrease  in  the  flame 
.speed  and  stability  limits. 

5.5.  RCCOVURABILITY  OF  COMBUSTOR  HXiT  TFMPbiRAIURH. 

The  conditions  for  the  tests  involving  an  attempt  to  recover  the  combustor  exit  temperature  for 
various  air-water  mixtures  arc  given  in  table  7  as  cases  3  and  4.  llie  results,  given  in  figures  60 
to  62,  are  pre.senied  m  the  Ibrm  of  a  time  history  of  the  contbustor  exit  temperature  for  the 
duration  of  each  recovery  test.  The  start  and  end  of  each  recovery  stage  arc  indicated  by 
appropriately  labeled  vertical  lines  in  the  figures. 

From  figures  60  to  62  it  can  be  seen  that  attempts  to  recover  the  exit  gas  temperature  loss,  due  to 
the  injection  of  an  air-water  mixture,  have  had  limited  success.  For  the  ca.se  of  small  droplet 
injection,  case  3,  a  complete  recovery  of  combu.stor  exit  temperature,  for  both  high  and  low  air 
flow  rates,  is  only  possible  for  the  case  with  an  Xwf  of  2.0  per  cent.  It  is  not  possible  to  obtain  a 
complete  recovery  of  the  combustor  exit  temperature  under  any  conditions  with  spray  injection. 
These  ob.scrvations  appear  to  be  valid  for  both  high  and  low  air  mass  flow  rates.  However,  in 
case  4,  it  is  possible  to  obtain  a  complete  recovery  for  mass  fractions  of  injected  spray  of  4.0  per 
cent  or  less,  again  illustrating  the  differences  between  the  injection  of  large  and  small  droplets. 

5.6.  l-FFRCrOF  1N.1F:CTFD  WATF.R  TFMFF.RATtJRF. 

The  conditions  for  the  tests  carried  out  with  a  supply  of  chilled  water  in  place  of  room 
tcnipcrature  water  are  given  in  table  7  as  case  5.  The  results  are  presented  in  figures  63  and  64. 
The  eombustor  exit  temperature  is  plotted  as  a  function  of  the  mass  fraction  of  injected  spray. 
For  compari.son  purjtoses,  the  relationship  between  the  combustor  exit  temperature  and  the  mass 
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fraction  of  injected  spray,  obtained  with  water  at  ambient  temperature  and  the  combustor 
operating  under  identical  conditions,  is  included  in  each  figure. 


From  figures  63  and  64  it  can  be  seen  that  a  reduction  in  the  temperature  of  the  water  docs  not 
have  a  large  effect  on  the  exit  gas  temperature  changes,  however,  it  should  be  noted  that  the 
water  was  only  chilled  to  l^C. 

5J..  EFFECT  OF  COMBUSTOR  ORIENTATION. 

The  conditions  for  the  tests  carried  out  in  setting  2  of  figure  14  are  given  in  table  7  as  Case  6. 
The  results  are  presented  in  figures  65  and  66.  The  temperature  loss  factor  is  plotted  as  a 
function  of  the  mass  fraction  of  injected  spray.  For  comparison  purposes,  the  Ffl  obtained  under 
identical  conditions  with  the  combustor  oriented  in  setting  1  is  included  on  each  figure. 
F'lameout  tests  were  not  carried  out  in  this  position  for  two  reasons.  Firstly,  under  conditions  of 
large  mass  fractions  of  water  injection,  the  obscivation  window  adjacent  to  the  gravitationally 
disiilaced  cup  would  become  obsuuctcd  (due  to  flooding)  which  would  lead  to  erroneous  outputs 
from  the  photo-diode  flame  detector,  and  secondly,  it  was  in  all  likelihood  expected  thai:  a 
fiameout  would  occur  in  the  gravitationally  displaced  cup  first  and  would  spread  to  the  other  two 
cups.  Since  tlte  flame  detector  could  tiot  focus  on  a  particular  cup  in  general,  this  too  would  lead 
to  flooding  of  the  sector  with  unburned  fuel  from  the  injector  in  the  cup  that  had  flamed  out.  for 
this  reason,  a  maximum  mass  fraction  of  injected  water  had  been  set  at  6.0  per  cent. 

In  figures  65  and  66,  the  effect  of  the  combustor  orientation  on  the  reduction  in  T()4  is  quite 
evident.  I'he  major  cause  for  this  phenomena  may  be  attributed  to  the  increased  flow  of  water 
through  the  gravitationally  displace  cup,  as  a  result  of  the  effect  of  gravity  on  the  flow  of  water  in 
tile  prediffuser, 

OF  HFATFD  AIR  AND  HEATED  FUEL. 

'I'he  combustor  operating  conditions  utilized  for  this  series  of  tests  arc  given  in  table  7  as  eases  7 
and  h.  I'he  results  are  presented  in  tlie  fonn  of  observations  obtained  during  the  tests, 

U  is  observed  that  the  overall  effect  of  either  an  increase  in  the  air  temperature  or  an  increase  in 
the  fuel  temperature  was  a  reduction  in  the  mass  fraction  of  injected  water  required  to  result  in  a 
llameout.  In  tlic  case  of  heated  air,  the  effect  is  more  severe  than  in  the  case  of  heated  fuel.  This 
could  be  attributed  primarily  to  the  increa.scd  vitiation  of  the  air  with  the  products  of  combustion 
from  the  methanol  fueled  air  heater,  however,  the  increa.scd  air  temperature  could  also  have 
resulted  in  slightly  larger  quantities  of  water  being  vaporized.  The  increase  in  fuel  temperature 
may  have  caused  slight  changes  in  the  viscosity  of  the  fuel  and  hence  changes  in  the  atomization 
pcrfonnancc  of  the  injectors,  as  well  as  reducing  the  time  required  for  complete  vaporization  of 
the  fuel.  This  could  have  lead  to  slightly  more  intense  combustion  in  a  short  di.stancc  in  front  of 
the  injectors,  which  gives  rise  to  increased  vaporization  of  water  and  hence,  incrca.scd  levels  of 
vitiation. 

5.9.  COMBUSTION  WITI:!  OXYGEN  ADDlTiQN. 

The  conditiotis  under  which  tlie.se  tests  were  carried  out  are  presented  in  table  8  as  Case  1.  The 
results  are  di.splayed  in  figures  67  to  70.  The  combustor  performance  parameters,  FpL,  and  Fyi, 
arc  plotted  as  a  function  of  the  mass  fraction  of  water  injected  in  spray  form.  (It  may  be  noted 
that  F'l’i  values  for  the  case  of  oxygen  addition  tests  are  shown  as  positive  values,  since  there  is 
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an  increase  in  temperature  rise  during  oxygen  addition  compared  to  the  case  of  operation  with 
air.  For  comparison  purposes,  the  values  of  FpL  and  Fti  obtained  under  identical  conditions 
without  enriched  air  are  included  in  each  figure. 

With  reference  to  figures  67  to  70,  it  can  be  seen  that  the  effect  of  enriching  the  air  with  oxygen 
leads  to  larger  increases  in  pressure  loss  across  the  combustor,  and  hence  large  values  of  FpL,. 
This  may  be  attributed  to  increased  combustion  generated  pressure  losses  as  a  result  of  the  local 
increase  in  combustion  intensity  in  the  primary  zone  as  a  result  of  air  enriched  with  oxygen.  In 
terms  of  the  temperature  increase  factor,  the  addition  of  oxygen  tends  to  result  in  a  slightly  larger 
temperature  rise  across  the  combustor.  This  is  particularly  noticeable  with  mass  fractions  of 
injected  water  less  than  4.0  per  cent.  This  indicates  that  in  cases  with  small  amounts  of  water  in 
the  piiinary  zone,  vitiation  appears  to  be  the  dominant  cause  resulting  in  lower  heat  release  in  the 
primary  zone.  In  this  case,  the  addition  of  oxygen  is  somewhat  effective  at  reducing  the  vitiation 
of  the  air,  however,  under  conditions  of  large  mass  fractions  of  injected  water  it  appears  that  the 
effects  of  gas  temperature  cooling  tend  to  dominate. 

5. 1 0.  RECOVERABILITY  OF  COMBUSTOR  EXIT  TEMPERATURE  WITH  OXYGEN 
ADDITION. 

The  operational  conditions  for  this  scries  of  tests  are  summarized  in  table  8  as  Case  2.  The 
results,  given  in  figures  71  and  72,  arc  presented  in  the  form  of  a  time  history  of  the  combustor 
exit  temperature  for  the  duration  of  each  recovery  test.  Start  and  end  of  each  recovery  stage  arc 
indicated  by  appropriately  labeled  vertical  lines  in  the  figures. 

In  the  case  of  injection  of  mass  fractions  of  spray  of  4.0  per  cent  or  less,  the  increase  in 
temperature  as  a  result  of  a  combined  increase  in  fuel  equivalence  ratio  and  oxygen  content  in  the 
air  seems  to  be  adequate  to  regain  the  combustor  exit  temperature  obtained  during  operation  with 
air.  Similarly  when  there  is  2  per  cent  injection  of  film,  the  combustor  exit  temperature  can  be 
recovered.  However,  when  spray  as  well  as  film  are  injected,  the  gain  in  temperature  is 
considerably  less,  and  decreases  further  as  the  spray  content  is  incrca.scd. 
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A  discussion  of  the  results  obtained  in  the  cold  flow  and  burning  tests  is  provided  in  this  chapter. 
The  test  results  on  the  overall  water  distribution  in  the  combustor  arc  discussed  in  section  6.1. 
An  analysis  of  the  effects  of  vitiation  on  the  laminar  flame  speed  and  the  flame  stability  is  given 
in  section  6.2.  A  discussion  on  the  results  of  the  burning  tests  is  presented  in  sections  6.3 
through  6.5.  The  results  of  the  burning  tests  with  oxygen  addition  are  discussed  in  section  6.6. 
In  section  6.7,  an  attempt  has  been  made  to  establish  the  effects  of  changes  in  the  fuel 
equivalence  ratio  and  oxygen  concentration  in  air,  individually  and  in  combination  as  a  function 
of  air  flow  velocity,  or,  equivalently,  engine  operation  setting,  finally,  in  section  6.8,  a  tentative 
analysis  of  the  effects  of  changing  the  fuel  and  oxygen  equivalence  ratios  is  present^  based  on 
energy  balance  considerations. 

6.1.  OVERALL  WATER  DISTRIBUTION. 

Consideiing  the  type  of  air-water  mixture  conditions,  the  amount  of  water  entering  the  primary 
zone  is  a  complex  function  of  the  air- water  mixture  conditions  at  entry  to  the  prediffuser,  the  air 
flow  velocity,  and  the  effects  of  gravity  on  the  flowficld. 

Concerning  the  air-water  mixture  it  appears  that,  for  the  current  prediffuscr-combustor 
configuration,  most  of  the  water  in  film  form  enters  the  primary  zone  (figures  27  to  34). 
Through  flow  visualization  it  has  been  established  that  the  water  enters  the  primary  zone 
predominantly  through  the  primary  jets,  with  some  of  the  water  entering  through  the  swirl  cups. 
An  increase  in  the  air  mass  flow  rate  result  sin  a  larger  fraction  of  the  film  entering  the  primary 
zone.  In  addition,  gravity  has  a  substantial  effect  on  the  motion  of  the  film,  and  on  the  quantity 
of  water  entering  the  primary  zone.  In  figures  32  and  34  it  can  be  seen  that  in  all  cases,  90  per 
cent  (or  more)  of  the  injected  film  enters  the  primary  zone  when  the  combustor  is  oriented  in 
setting  2,  compared  to  80  per  cent  (or  more)  when  the  combustor  is  in  setting  1.  TTie  amount  of 
water  entering  the  primary  zone  of  the  combustor  is  thus  influenced  by  the  air  flow  velocity,  the 
quantity  of  film,  the  orientation  of  film  flow  with  respect  to  gravity,  and  the  location  of  break¬ 
away  of  the  film  font!  the  diffuser  wall.  The  location  of  the  film  break-away  mainly  influences 
the  flow  split  of  film  entering  the  primtu'y  zone  through  the  swirl  cups  and  primary  jets. 

Considering  the  case  of  spray  injection,  it  appears  that  the  fraction  of  water  entering  the  primary 
zone  is  influenced  by  the  air  mass  flow  rate,  and  the  orientation  of  the  combustor  with  i-e.spcct  to 
gravity.  The  amount  of  water  entering  the  primary  zone  seems  to  be  independent  of  the  mean 
droplet  size  of  the  spray,  except  when  the  combustor  is  oriented  in  setting  2,  and  operating  under 
conditions  of  low  air  flow  rates  with  mass  fractions  of  injected  spray  greater  than  4.0  per  cent. 
Referring  to  figures  27,  29,  31,  and  33,  it  can  be  seen  that  in  all  cases  an  increase  in  air  velocity 
results  in  a  larger  mass  fraction  of  water  entering  the  primary  zone.  At  high  air  mass  flow  rates 
the  fraction  of  water  entering  the  primary  zone  appears  to  be  almost  independent  of  the  ma.ss 
fraction  of  injected  spray,  whereas,  at  low  air  flow  rates  the  fraction  of  water  entering  the 
primary  zone  increases  slightly  with  an  increa.se  in  the  mass  fraction  of  injected  spray.  This 
phenomenon  is  more  pronounced  when  the  combustor  is  oriented  in  setting  2  (figures  31  and  33). 

With  reference  to  figures  28,  30,  32,  and  34,  is  observed  that  the  combined  injection  of  film  and 
spray  into  the  test  article  results  in  a  slight  increase  in  the  fraction  of  water  entering  the  primary 
zone  compared  to  cases  with  spray  injection  only.  This  can  be  explained  in  terms  of  the  larger 
fraction  of  film  entering  the  primary  zone  compared  to  the  spray,  thus  indicating  that  the  fllm  has 
a  greater  tendency  to  enter  the  primary  zone  in  the  current  prediffuscr-combustor  configuration. 
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Again,  the  fraction  of  water  entering  the  primary  zone  appears  to  be  independent  of  the  mean 
drop  size  of  the  spray. 

Finally,  the  investigation  on  the  combustor  oriented  differently  with  respect  to  gravity,  namely  in 
setting  2,  has  shown  that  the  flowfield  is  likely  to  display  a  complex  asymmetry  in  regard  to  the 
growth  of  the  film  and  the  distribution  of  water  in  the  primary  zone  of  an  annular  combustor. 

6.2.  ANALYSIS  OF  RFFHCTS  OF  VITIATION  ON  FLAME  SPEED  AND  STABILITY. 

The  method  of  establishing  the  amount  of  water  that  may  undergo  evaporation  in  the  primary 
zone,  based  on  the  use  of  video  images,  has  been  given  in  section  4.3.  In  order  then  to  establish 
the  effect  of  vitiation  on  flame  dynamics,  namely  flame  speed  and  flame  stability,  the 
methodology  developed  by  Kretschmer  and  Odgers  [reference  8]  has  been  applied  to  selected 
cases  in  the  cold  flow  tests  carried  out  on  the  combustor.  Tn  order  to  utilize  the  methodology, 
some  simplifying  assumptions  have  been  made; 

1.  The  influence  of  temperature  and  mixture  composition  on  the  air  loading  factor  are 
constant  over  the  range  of  values  of  vitiation  ratio  supplied  to  the  combustor. 

2.  A  given  value  of  equivalence  ratio,  that  is,  stoichiometric,  is  considered  for  all 
calculations. 

These  assumptions  enable  the  air  loading  factor  (and  hence,  the  flame  speed  and  stability  limits) 
to  be  expressed  as  a  function  of  vitiation  ratio  only.  Thus,  by  measuring  the  total  quantity  of 
water  entering  the  primary  zone  (for  a  given  set  of  enoy  conditions)  and  tlie  fraction  of  water  that 
is  likely  to  evaporate,  the  vitiation  ratio  can  be  determined  and  its  resultant  effect  on  the 
combustion  parameters. 

As  an  illustration  of  the  application  of  the  methodology,  a  propane  combustor  operating  at  an  air 
inlet  temperature  of  600  K  under  various  uir-waier  mixture  conditions  has  been  considered.  For 
each  set  of  operating  conditions,  the  value  of  the  vitiation  ratio  has  been  determined  utilizing  the 
values  of  the  fraction  of  water  that  is  likely  to  evaporate  in  the  primary  zone  that  have  been 
determined  in  section  4.3.  Finally,  once  the  mass  of  water  vapor  is  known,  the  vitiation  ratio  is 
calculated  and  the  estimated  effects  of  the  vidation  can  be  determined.  The  inlet  flow  conditions 
for  each  of  the  ca.ses  are  presented  in  table  6.  The  calculated  vitiation  ratios,  the  resultant 
maximum  air  loading  parameters  and  the  ratios  of  the  reduced  flame  speed,  Su,  to  the  maximum 
flame  speed  (for  the  ideal,  unvitiated  case),  Su  (02  =  21),  are  given  in  table  9. 

TABLE  9.  RESULTS  FOR  ESTIMATION  OF  EFFECTS  OF  VITIATION  ON  COMBUSTION 


Case  Number 

m 

N/Vpn 

(gmol/s)/L  atin*^ 

Su/Su(02=21) 

I 

4.4 

85.7 

9.94 

2 

4..'S 

84.2 

0.93 

4.52 

84.1 

Note:  |N/VPf’l-96  when  m-3.76  in  the  unvitiated  case  and  that  (02=21):  21  percent  by 
volume  in  the  combustor 
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Figures  73  and  74  provide  typical  examples  of  such  effects  in  the  case  of  the  three-dimensional 
combustor  sector  model.  The  stability  map  indicates  the  ranges  of  values  of  fuel  equivalence 
ratio,  4),  over  which  the  flame  can  be  stable  for  the  relevant  values  of  combustor  loading,  NVP^. 

In  each  of  the  tliree  cases  under  consideration,  the  combustor  has  been  operated  under  conditions 
of  low  air  flow  rates,  that  is,  0.45  kg/s.  Operating  conditions  with  higher  air  mass  flow  rates 
have  not  been  conducted  since  the  pictures  obtained  at  higher  air  flow  rates  have  not  been  of 
adequate  quality  to  distinguish  between  different  droplets.  It  can  be  observed  that  for  the  three 
low  flow  rate  case  there  seems  to  be  very  little  effect  of  the  estimated  water  vapor  in  the  primary 
zone  on  the  maximum  value  of  air  loading  parameter.  Similarly,  the  effects  of  vitiation  on  flame 
speed  are  similar  to  those  on  air  loading  (figure  73).  The  flame  speed  has  been  normalized  with 
respect  to  the  value  of  flame  speed  obtained  by  Kretschmer  and  Odgers  for  21  per  cent  oxygen 
content,  by  volume,  in  the  mixture,  concerning  the  flame  stability  map,  figure  74,  it  can  be 
observed  that  there  arises  very  little  effect  of  vitiation  on  the  map,  and  in  fact  the  results 
correspond  very  nearly  to  conditions  for  no  vitiation,  m=3.76.  In  a  similar  analysis  carried  out 
by  Minster  [references  6  and  7]  on  two-dimensional  prediffuser-combustor  models,  the  foregoing 
results  were  also  obtained  for  conditions  of  low  air  mass  flow  rate,  however,  at  higher  air  mass 
flow  rates,  there  arose  a  substantial  reduction  in  the  flame  speed  and  flame  stability  limits. 

During  the  flow  visualization  tests  carried  out  under  cold  flow  condition,  described  in  Section 

4.3,  it  has  been  observed  that  at  low  air  flow  rates,  the  size  of  the  water  droplets  entering  the 
primary  zone  are  larger  than  those  for  the  higher  air  flow  rates.  Also,  more  water  seems  to  enter 
the  primary  zone  at  high  air  flow  rates  than  at  low  air  flow  rates.  Consequently,  it  can  be 
expected  that  the  fraction  of  water  entering  the  primary  zone  that  is  likely  to  evaporate  will  be 
less  in  the  case  of  low  air  flow  rates,  hence,  the  resulting  effect  of  vitiation  will  be  less  than  in  the 
case  of  high  air  flow  rates.  These  phenomena  have  been  observed  during  the  burning  tests.  At 
low  air  flow  rates,  large  mass  fractions  of  water,  of  the  order  of  15  per  cent  and  higher,  were 
required  to  induce  a  flameout,  whereas  at  higher  air  flow  rates,  mass  fractions  of  water  of 
approximately  6.0  to  8.0  per  cent  resulted  in  a  flameout. 

6.3.  EFFECTS  OF  WATER  ON  COMBUSTOR  PERFORMANCE 

Combustion  processes  and  the  combustor  performance  are  affected  by  the  ingestion  of  water  into 
the  engine  in  several  ways.  The  following  three  phenomena,  acting  both  individually  and 
interactively,  occur  as  a  direct  result  of  a  given  mass  fraction  of  water  entering  the  diffuser- 
combustor  element:  A  reduction  of  the  gas  temperature  in  the  combustor  as  a  result  of  rapid 
evaporation  of  some  of  the  water  in  ilie  primary  zone;  a  corresponding  drop  in  pressure  as  a 
resu)*  of  the  reduction  in  the  gas  temperature  due  to  the  evaporation  of  water;  and  vitiation  of  air 
by  water  vapor. 

The  air  supplied  to  the  combustor  sector  during  the  tests  is  in  all  likelihood  humid,  although  it 
may  not  be  fully  saturated.  For  a  given  amount  of  water  supplied  in  film  and  droplet  forms,  the 
amount  of  water  entering  the  combustor  in  total  through  the  injector  cups  and  the  primary  jets  is 
known  as  a  function  of  mass  flow  rate  of  air;  however,  in  the  current  series  of  tests,  the  amount 
of  water  entering  through  the  injector  cups  is  not  known  in  itself  as  a  function  of  the  amount  of 
water  entering  the  prediffuser  in  film  and  spray  forms. 


On  injection  of  about  2.0  per  cent  by  mass  of  water  into  the  air  stream  entering  the  prediffuser,  it 
has  been  found  in  the  burning  tests  that  the  burning  zone  recedes  towards  the  injector  cups,  as 


observed  in  video  photograph  through  the  transparent  windows,  and  the  combustor  exit 
temperature  drops  by  about  lOO^  to  15(PC  depending  upon  the  combustor  operating  conditions. 
In  the  current  test  article  with  a  dump-like  prediffuscr,  the  drop  in  temperature  is  also  a  function 
of  the  form,  namely  film  or  spray,  in  which  the  water  is  injected  (figures  60, 61,  and  62). 

On  increasing  the  amount  of  water  injected,  a  series  of  changes  is  observed  from  visualization  in 
the  flame  zone  in  succession:  (i)  First,,  the  flame  zone  tends  to  become  shorter;  (ii)  next,  the 
flame  zone  displays  an  oscillatoriness  or  unsteadiness  in  its  extent;  and  (iii)  finally,  the  flame 
may  either  go  out  or  may  display,  at  low  air  mass  flow  rates,  a  tendency  to  remain  attached  in  the 
vicinity  of  the  swirl  cup.  In  the  latter  case,  the  flame  may  eventually  be  quenched  only  with  the 
admission  of  very  large  amounts  of  water,  of  the  order  of  15.0  per  cent  and  higher,  that  may 
introduce  severe  blockage  through  flooding  in  the  region  of  the  primary  jets.  It  should,  howe^'er, 
be  noted  that  in  setting  2  (figure  13),  observation  (ii)  may  apply  particularly  to  the  outer  two 
cups,  and  observation  (iii)  to  the  center  cup. 

At  low  air  mass  flux  and,  correspondingly  at  low  air  velocity,  it  has  been  observed  that  a  flame 
may  not  be  quenched  even  with  large  amounts  of  water,  although  the  exit  gas  temperature  drops 
as  the  amount  of  water  is  increased  (figures  55,  57,  and  59).  It  may  be  reasonable  to  conclude 
that  the  amount  of  water  entering  through  the  injector  cups  may  not  increase  in  direct  proportion 
to  the  amount  of  water  injected  initially  into  the  air  sneam,  an  increase  in  the  amount  of  water 
injected  into  the  air  stream  affects  primarily  the  amount  of  water  entering  the  combustor  through 
the  primary  jets,  the  llameout  depends  upon  the  vitiation  occurring  in  the  vicinity  of  the  injector 
cups,  and  the  additional  v/ater  entering  through  the  primary  jets  affects  mainly  the  gas 
temperature  by  cooling  and  also,  possible  distortion  of  the  flame  and  its  propagation,  and  the 
occurrence  of  flameout  may  be  due  to  a  combination  of  causes  related  to  vitiation,  flame-water 
mechanical  interaction,  and  chemical  effects. 

With  reference  to  figures  58,  59,  and  62,  the  effect  of  spray  droplet  size  on  the  occurrence  on 
flameout  can  be  observed.  For  the  case  of  large  droplet  injection,  the  fla.neout  limits  are  slightly 
extended,  that  is,  the  Xwd  required  to  produce  a  flameout  is  larger,  compared  to  the  case  of  small 
droplet  injection.  This  could  be  explained  in  terms  of  increased  droplet  evaporation  due  to  the 
smaller  droplet  sizes,  and  hence  increased  vitiation  of  the  air,  resulting  in  a  decrease  in  the  flame 
speed  and  stability  limits. 

The  results  obtained  with  a  supply  of  chilled  water  in  place  of  room  temperature  water  have 
reinforced  the  conclusion  that  the  proces.ses  in  the  immediate  vicinity  of  the  swirl  cup  are  the 
ones  that  control  the  occurrence  flameout  (figures  63  and  64).  In  fact  a  reduction  in  the 
tempeiaiure  of  waier  does  not  seem  to  alTeci  even  the  exit  gas  iemperature  ciianges  to  any 
substantial  extent.  However,  it  must  be  noted  that  the  water  has  been  chilled  only  to  7®C. 

Considering  the  reduction  in  the  gas  exit  temperature,  it  is  found  that,  as  the  amount  of  injected 
water  (at  diffuser  entry)  is  increased,  the  reduction  for  an  additional  amount  of  water  is  not  as 
large  as  the  initial  reduction  with  2.0  per  cent.  The  nature  of  reduction  in  exit  gas  temperature 
remains  nearly  unchanged  with  changes  in  equivalence  ratio  at  fixed  mass  flux  of  air,  and  also,  to 
a  substantial  extent  with  changes  in  air  mass  flux  at  fixed  equivalence  ratio  figures  60  to  62). 

Lastly,  the  combustor  .setting  (figure  14)  has  a  major  effect  on  performance  changes.  In  setting 
2,  compared  to  setting  I,  there  are  differences  among  the  three  injector  cups  in  regard  to  (a)  the 
distribution  of  water  injected  in  film  form,  (b)  the  effect  of  addition  of  water  in  film  fomi  on  (a), 
and  (c)  the  effects  on  combustion  (figures  65  and  66).  The  cup  that  is  not  displaced  in  the 


41 


gravitational  direction  in  setting  2  yields  nearly  the  same  performance  as  the  center  cup  in  setting 
1.  The  cup  displaced  most  in  the  gravitational  direction  in  setting  2  becomes  affected  by  film 
injection  and  consequent  water  flow  through  the  primary  jets  more  than  the  outer  cups  in  setting 


EFFECTS  OF  liEATING  OF  FUEL  AND  AIR. 

Referring  to  the  results  in  section  5.8,  it  has  been  observed  that  both  the  eifcct  of  heated  air  and 
of  heated  fuel  resulted  in  a  reduction  in  the  amount  of  injected  water  required  to  result  in  a 
flameout  For  the  case  of  heated  air,  the  air  was  vitiated  with  the  combustion  products  from  the 
methanol-fueled  air  heater.  Thus  the  increased  vitiation  of  the  air,  combined  with  a  slight 
increase  in  the  fraction  of  water  that  could  be  expected  to  vaporize  in  the  primary  zone  as  a  result 
of  the  higher  air  temperature,  appeared  to  be  the  most  likely  cause  for  the  flameout.  For  the  case 
of  heated  fuel,  an  increase  in  the  fuel  temperature  results  in  a  slight  decrease  in  the  viscosity  of 
the  fuel  and  the  time  required  for  complete  vaporization  of  the  fuel,  'fhe  change  in  the  viscosity 
could  be  expected  to  have  an  effect  on  the  atomization  performance  of  the  pressure  swirl 
atomizers  used  in  the  three  fuel  injectors  in  the  test  combustor.  Hence,  the  combustion  may 
occur  more  intensely  in  a  short  distance  (or  volume)  in  front  of  the  injectors.  This  larger  heat 
source  (more  heat/unit  volume)  gives  rise  to  increased  evaporadon  of  water,  and  hence,  flameout. 
thus  ultimately,  in  both  cases,  the  flameout  may  be  due  to  increased  vitiation  of  the  air. 

6^^.EFFECTS  OF  CHANGES  IN  FUEL  EQUIVALENCE  RATIO. 

Regarding  exit  gas  temperature  recovery  by  means  of  changing  fuel  equivalence  ratio  (figures  60 
to  62),  it  can  be  seen  that  the  change  in  exit  gas  temperature  obtained  in  the  case  of  film  injection 
is  larger  than  the  obtained  in  the  case  of  an  equivalent  amount  of  spray  injection.  This  may  be 
due  to  the  fact  that  the  spray  enters  the  flame  zone  through  an  injector  cup  and  affects 
combusdon  directly.  However,  when  the  air  mass  flux  is  increased,  the  flow  through  the  primary 
jets  increases  on  account  of  diversion  of  a  larger  fraction  of  water  into  the  outer  stream.  In  other 
cases,  for  example  with  spray  only  or  film  and  spray,  there  arises  no  appreciable  gain  in  the 
temperature  rise.  It  may  be  pointed  out  here  that  a  change  in  equivalence  rado  gives  rise 
simultaneously  to  an  increase  in  (a)  temperature  due  to  increased  fuel  burning,  (b)  heat  and  mass 
transfer  of  the  water,  and  (c)  vitiation  by  water  vapor.  The  observed  results  are  due  to  an 
interactive  combination  of  the  three  changes. 

6.6.  EFFECTS  OF  ADDITION  OF  OXYGEN. 

Under  conditions  of  constant  air  mass  Dux  and  fuel  equivalence  ratio,  it  has  been  observed  that 
when  a  small  quantity  of  water  (2.0  per  cent)  is  injected  in  spray  or  film  form,  there  arises  a 
substantial  reduction  in  exit  gas  temperature  with  air.  On  adding  2.0  per  cent  oxygen,  it  is  found 
that  there  is:  a  substantial  gain  in  temperature  (figures  67-70).  Any  oscillaioriness  in  the  flame 
zone  disappears  completely.  When  the  air-water  mixture  contains  spray  at  a  mass  fraction  well 
above  2.0  per  cent,  there  does  not  ari.se  a  substantial,  further  reduction  in  temperature,  without  or 
with  film.  However,  when  air  is  enriched  with  2.0  per  cent  oxygen,  the  gain  in  temperature 
seems  to  depend  on  whether  water  injection  includes  a  film  or  not.  Tliu:  the  gain  in  temperature 
with  oxygen  seems  to  be  the  lowest  with  2  per  cent  each  of  film  and  spray,  and  with  further 
increases  in  the  spray  content,  the  gain  seems  to  incrca.se  slightly.  The  qualitative  conclusion 
from  this  is  that  the  processes  of  water  evaporation,  water  heating,  vitiation,  and  reduction  in  gas 
phase  temperature  interact  in  a  complex  fashion,  both  in  the  final  value  of  combustor  exit 
temperature  obtained,  and  also  in  the  stability  of  the  flame.  In  particular,  the  changes  in  the  local 
temperature  and  the  proportion  of  unburned  hydrocarbons  are  affected  strongly  by  the  changes  in 
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the  proportions  and  physical  characteristics  of  water  entering  through  the  swirl  cups  and  the 
primary  jets. 

When  the  combustor  is  operated  under  conditions  of  increased  fuel  equivalence  ratio  and  oxygen 
addition  (figures  71  and  72),  the  combined  addition  of  fuel  and  oxygen  can  give  rise  to  a  larger 
quantity  of  local  heat  release  in  the  primar>'  zone,  and  hence  an  improved  combustor  temperature 
recovery  when  compared  to  the  cases  of  either  an  increase  in  fuel  equivalence  ratio  or  an  increase 
in  the  oxygen  content  in  the  air. 

6.7.  EFI-IiCT  OF  AIR  FLOW  VELOCIIT  DURING  CHANGES  OF  ^  ANP^. 

During  operation  with  air-water  mixtures,  one  of  the  parameters  of  interest  is  the  air  flow 
velocity,  which  is  proportional  in  the  current  tests  to  the  air  mass  flow  rate.  The  influence  of  air 
flow  velocity  may  be  examined  by  considering,  for  example,  the  possibility  of  recovering  the 
combustor  exit  temperature  under  conditions  of  an  increase  in  the  fuel  equivalence  ratio,  an 
increase  in  the  oxygen  content  in  the  air,  and  a  .simultaneous  increase  in  the  fuel  equivalence 
ratio  and  the  oxygen  content  in  the  air  for  the  following  cases,  namely  (1)  injection  of  2.0  per 
cent  film,  (2)  injection  of  2.0  per  cent  spray,  and  (3)  the  combined  injection  of  2.0  per  cent  film 
and  2.0  per  cent  spray. 

Several  features  may  be  noted  in  regard  to  these  different  cases.  In  the  case  where  water  is 
injected  in  film  fonn,  the  water  enters  the  combustor  largely  through  the  primary  jets.  Hence  it 
can  be  expected  that  only  a  part  of  it  becomes  recirculat^  into  the  part  of  the  primary  zone  that 
is  adjacent  to  the  swirl  cups.  On  the  other  hand,  in  the  case  where  water  is  injected  in  spray 
form,  the  water  enters  the  primary  zone  through  the  cups.  ITius,  there  arises  a  basic  difference  in 
the  distribution  of  water  in  the  two  cases.  Next,  an  increase  in  fuel  equivalence  ratio  affects  the 
heat  release  by  a  change  in  the  total  amount  of  fuel  burned.  In  general,  when  the  fuel 
equivalence  ratio  is  small,  the  heat  release  is  increased  by  an  increase  in  fuel  equivalence  ratio. 
An  increase  in  oxygen  content  of  air,  on  the  other  hand,  gives  rise  to  increased  heat  release  by  an 
improvement  in  combustion  efficiency.  In  both  cases,  the  fuel  disuibution  and  the  heat  transfer 
to  the  liquid  pha.se  may  be  controlling  lactors.  Finally,  an  increase  in  air  flow  velocity  reduces 
the  residence  time  of  the  mixture  in  the  primary  zone,  and,  therefore,  has  an  effect  on  the 
magnitude  of  changes  in  heat  transfer  and  transport,  and  distribution  of  fuel  droplets.  With 
reference  to  figures  60  to  62,  68,  and  70  to  72,  the  results  of  the  'recovery  tests'  for  the 
aforementioned  cases  are  summarized  in  table  10. 


TABLE  10.  COMBUSTOR  EXIT  TEMPERATURE  RECOVERABILITY  WITH 
2.0  PER  CENT  INJECTED  WATER  IN  FILM  AND  SPRAY  FORM 
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In  the  ease  of  the  low  air  flow  rate,  with  either  2.0  per  cent  film  (case  1)  or  spray  (case  2),  the 
combustor  exit  temperature  cun  be  recovered  with  cither  an  incrca.se  in  the  fuel  equivalence  ratio, 
or  a  combined  increase  in  fuel  equivalence  ratio  and  oxygen  content  in  the  air.  Concerning  the 
former,  in  case  2,  the  temperature  could  only  be  recovered  in  the  case  of  large  droplet  injection. 
However,  at  the  high  air  flow  rate,  an  incrca.se  in  the  fuel  equivalence  ratio,  alone,  did  not  lesult 
in  a  complete  recovery  of  the  exit  temperature  for  cither  case  1  or  case  2,  but,  a  combined 
incma.se  in  the  oxygen  content  of  the  air  and  the  fuel  and  the  fuel  equivalence  ratio  is  sufficient 
for  a  complete  recover)'  of  the  exit  gas  temperatura.  An  increase  in  the  oxygen  content  of  the  air, 
by  itself,  did  not  result  in  a  complete  recovery,  except  in  the  case  of  low  air  flow  rates,  high 
equivalence  ratio,  and  spray  injection.  In  the  case  of  a  combined  injection  of  2.0  per  cent  film 
and  spray  (case  3),  a  recovery  of  the  exit  temperature  was  not  possible  under  any  conditions  of 
increased  fuel  equivalence  ratio,  increased  oxygen  content  in  the  air,  or  a  combination  of  both  an 
increa.se  in  fuel  equivalence  ratio  and  oxygen  content  in  the  air. 

In  the  cold  flow  tests  (described  in  section  4),  it  has  been  observed  that  at  the  high  air  mass  flow 
rate,  a  larger  mass  fraction  of  the  injected  water  enters  the  primary  zone  than  in  the  ca.se  of  the 
low  air  mass  flow  rate.  F'urtlier,  at  tlie  high  air  mass  flow  rate  the  water  enters  in  the  form  of  a 
fine  droplet  mist,  whereas,  at  the  low  air  flow  rate,  the  droplet  size  seems  to  be  larger. 
Considering  these  observations,  it  can  be  concluded  that  the  air  flow  velocity  has  a  significant 
ef  fect  on  the  quantity  and  distribution  of  water  entering  the  primary  zone. 

Concerning  the  burning  tests,  the  presence  of  water  can  be  seen  to  have  two  separate  but 
interactive  effects  on  the  net  heat  release:  an  effect  through  heat  transfer  from  the  gaseous  to  the 
liquid  phase,  and  an  effect  due  to  the  modifications  in  the  design  fuel  distribution  by  the  action  of 
liquid  entities.  Thus,  in  the  case  when  water  enters  in  film  form,  since  the  water  is 
predominantly  in  the  form  of  large  ligaments  entering  through  the  primary  jets,  only  part  of  the 
water  could  be  expected  to  affect  the  distribution  of  fuel  in  the  near-cup  region  of  the  primary 
zone.  On  the  other  hand,  water  in  spray  form  enters  the  i)rimary  zone  largely  through  the  swirl 
cups  in  the  form  of  a  mist,  and  hence,  gives  ri.se  to  a  more  unifonn  distribution  of  water.  As  a 
consequence,  the  water  distribution  leaving  the  swirl  cups  can  be  expected  to  affect  the  amount 
of  heat  transfer  to  the  water,  and  also  the  fuel  di.stribution  in  the  primary  zone.  Since  the  water 
distributions  affected  by  the  air  flow  velocity,  it  can  be  surmised  that  the  fuel  distribution  is 
affected  by  the  air  velocity.  Referring  lo  table  10.  it  can  be  seen  that  at  the  high  air  flow  rate,  the 
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possibility  of  a  recovery  of  exit  gas  temperature  is  significantly  less  than  in  the  case  of  low  air 
flow  rates,  thus  indicating  that  the  air  velocity  is  a  significant  parameter  in  the  performance  of  a 
gas  turbine  combustor  operating  with  an  air-water  mixture. 

It  is  of  interest  to  note  here  that  Williams  [reference  19]  also  pointed  out,  as  stated  in  section  1.2, 
that  in  the  case  of  liquid  suppressants  of  fire,  a  major  factor  controlling  extinction  is  the  effect  of 
the  suppressant  on  the  fuel  distribution. 

ANALYSIS  OF  EFFECTS  OF  CHANGES  IN  ^  AND  ^ 

A  tentative,  simplified  analysis  of  the  measurements  and  observations  made  during  the  tests  with 
modifications  in  fuel  equivalence  ratio  and  oxygen  content  of  air  may  be  attempted  as  follows. 

Six  test  cases  (based  on  the  same  classification  as  given  in  section  3.1)  are  considered  as  follows: 

Case  1 :  Operation  with  air  only  (denotetl  as  A-A). 

Case  2:  Operation  with  air  and  water  (denoted  as  A-W), 

Case  3:  The  same  as  (A-W)  with  a  modified  value  of  fuel  equivalence  ratio  (denoted  as  B). 

Case  4:  Operation  with  air  enriched  with  2.0  per  cent  oxygen  (denoted  as  C-A). 

Case  5:  The  same  as  (A-W)  with  addition  of  2.0  per  cent  oxygen  to  air  (denoted  as  C-W). 

Case  6:  The  same  as  (C-W)  with  a  modified  value  of  fuel  equivalence  ratio  (denoted  as  D). 

An  analysis  has  been  carried  out  to  establish  the  fuel  fraction  that  can  be  expected  to  have 
undergone  combustion  based  on  enthalpy  changes  across  the  combustor  in  the  six  cases. 

The  experimental  data  for  the  chosen  cases  are  given  in  table  1 1. 

TABLE  11.  BURNING  TEST  CASE  CONDITIONS 
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6.8. 1.  Parameters  Involved. 

The  following  parameters  have  been  utilized  in  the  analysis. 
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1.  Geometry  of  the  combustor:  The  ratio  of  the  areas  between  the  primary,  dilution,  and 
cooling  holes  in  the  combustor  liner  have  been  specified  for  the  test  article  and  hence  the 
flow  split  between  the  primary  and  secondary  streams  is  fixed. 

2.  Inputs:  For  each  case  values  for  the  following  experimental  parameters  have  been  obtained 
and  utilized  in  the  subsequent  analysis,  namely  fuel  flow  rate,  air  mass  flux,  air  inlet 
temperature,  combustor  exit  gas  temperature,  and  mass  fraction  of  injected  water. 

3.  Outputs:  Tlie  results  of  the  analysis  provide  estimates  for  the  overall  combustor  efficiency, 
ide£l  and  actual  quantities  of  heat  release  due  to  the  combustion  of  fuel,  and  fraction  of  fuel 
that  can  be  expected  to  have  undergone  combustion. 

6.8.2.  Basic  Experimental  Constraints. 

In  the  course  of  the  combustion  tests,  values  of  the  following  experimental  parameters  have  not 
been  obtained:  the  quantity  of  unburned  hydrocarbons  in  the  combustor  exit  gas,  and  the  state, 
quantity  and  temperature  of  water,  if  any,  in  the  combustor  exhaust  gas.  Consequently,  a 
complete  heat  balance,  accounting  for  unbumed  hydrocarbons,  incomplete  reactions,  and  heat 
transfer  to  water,  cannot  be  undertaken  within  the  scope  of  measurements  of  the  current 
investigation. 

6.8.3.  Assumptions. 

In  order  to  carry  out  the  analysis,  the  following  assumptions  have  been  made:  fast  chemical 
reactions,  and  vaporization  of  all  of  the  water  in  the  primary  zone  by  flash  evaporation. 

6.8..4.  Apyroflch 

The  analysis  has  been  carried  out  in  the  following  manner. 

1.  First,  an  estimate  of  the  mass  fraction  of  water  and  the  local  fuel  equivalence  ratio  in  the 
primary  zone,  <t)f,  has  been  obtained  utilizing  data  obtained  from  the  combustion  tests  and 
the  cold  flow  water  collection  tests.  With  these  values,  an  estimate  of  the  effect  of  vitiation 
on  the  adiabatic  flame  temperature  in  the  primary  zone  of  the  combustor,  for  various  values 
of  (jrf,  has  been  obtained  by  utilizing  the  NASA  CEC85  computer  code  [reference  23]. 

2.  An  estimate  of  the  overall  combustor  efficiency,  based  on  actual  experimental  data,  has 
been  calculated  for  the  range  of  <t)f  and  rha  utilized  in  burning  te.sts. 

3.  Finally,  an  enthalpy  and  a  fuel  balance  across  the  combustor  has  been  carried  out,  taking 
into  account  the  energy  required  to  vaporize  the  water,  in  order  to  obtain  an  estimate  of  the 
fraction  of  fuel  that  can  be  expected  to  have  undergone  combustion.  An  estimate  of  the 
flame  temperature  has  also  been  obtained. 

As  an  illustration  of  the  approach,  the  complete  calculation  procedure  for  case  6  is  presented  in 
appendix  C  as  an  example. 
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The  effect  of  the  presence  of  water  and  of  water  vapor  is  to  reduce  the  flame  temperature. 
Assuming  the  reaction  kinetics  as  in  reference  23,  one  can  estimate  the  reduction  in  the  flame 
temperature  as  a  result  of  the  effect  of  vitiation  on  combustion  (figure  75). 

The  overall  efficiency  of  the  combustor  during  operation  with  air  (only)  is  provided  in  figure  76. 
This  can  be  rationalized  on  the  basis  of  incomplete  reactions  and  unbumed  fuel,  and  heat  transfer 
to  the  wall. 

With  reference  to  the  results  presented  in  table  12  the  following  observations  can  be  made  with 
respect  tc  each  of  the  five  test  cases  under  consideration. 

Case  A-A:  In  this  case,  the  fuel  equivalence  ratio  is  0.24,  and  the  combustor  is  operated  with  air 
only.  The  overall  combustor  efficiency,  11^,  is  approximately  48  per  cent.  Utilizing  this  value  of 
Tig  the  amount  of  fuel  that  is  likely  to  undergo  combustion,  and  the  corresi>onding  local  fuel 
equivalence  ratio  in  the  primary  zone  have  been  established.  With  the  value  of  <^{  as  an  input  to 
the  NASA  CEC85  code,  an  estimate  of  the  resulting  flame  temperature  in  the  primary  zone  has 
been  found  to  be  approximately  1079  K. 

TABLE  12.  ENTHALPY  AND  FUEL  BALANCE  RESULTS 
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Case  A-W:  The  effect  of  combustion  with  an  air-walcr  mixture  is  presented  in  this  case.  A  mass 
fraction  of  2.0  per  cent  of  water  is  injected  into  the  air  supply  upstream  of  tlie  prcdiffuscr.  When 


cuiupaiCu  to  Case  A~A,  the  actual  heat  release  for  this  operating  conditio. 
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and  the  resulting  overall  combustor  efficiency,  T]g,  drops  to  30  per  cent.  The  difference  between 


T]g  in  case  A-A  and  T|g  in  case  A-W  can  be  explained  on  the  basis  of  the  sum  of  effects  of  heat 
transfer  to  water,  vitiation  of  the  air  by  water  vapor,  incomplete  chemical  reactions,  incomplete 
combustion  of  fuel,  and  reduction  in  heat  transfer  to  the  walls. 


Case  B:  In  this  case,  the  fuel  equivalence  ratio  is  increased  from  0.24  to  0.4  in  an  attempt  to 
recover  the  temperature  loss  across  the  combustor  as  a  result  of  a  2.0  per  cent  mass  fraction  of 
injected  water.  When  compiurcd  to  case  A-W,  the  increase  in  fuel  equivalence  ratio  results  in  a 
slight  incrca.se  in  the  heat  rclca.se,  however,  the  overall  combustion  efficiency  drops  by  5,0  per 
cent  in  this  case. 
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Case  C-A:  I'his  case  illustrates  the  effect  of  operating  the  combustor  with  air  enriched  with  2.0 
per  cent  oxygen.  When  compared  to  case  A-A,  it  can  be  observed  that  the  additional  oxygen 
results  in  an  improvement  in  the  combustor  efficiency  by  approximately  4.0  per  cent,  which,  in 
turn,  leads  to  an  increase  in  die  local  heal  release  of  about  8  kJ. 

Case  C-W:  This  case  illustrates  the  effect  of  combustion  with  an  air- water  mixture  and  air 
enriched  with  2.0  per  cent  (by  mass  of  air)  of  gaseous  oxygen.  This  results  in  a  slightly  larger 
amount  of  heat  release  than  in  case  A-W,  and  less  than  in  case  B,  however,  the  overall  combustor 
efficiency  increases  to  34  per  cent. 


Case  P:  Finally,  this  case  illustrates  the  effects  of  a  combined  increase  in  <j)  and  ({»o  on  the 
recoverability  of  the  combustor  exit  gas  temperature.  In  this  case  a  complete  recovery  has  been 
obtained  with  a  (j)  of  0.31.  This  value  of  <j)  is  lower  than  that  in  case  B,  however,  the  addition  of 
2.0  per  cent  oxygen  results  in  an  improved  combustion  efficiency  in  the  primary  zone  and  hence 
a  substantially  larger  heat  rclea.se.  This  confirmed  the  observation  made  during  die  burning  tests 
with  oxygen  addition  that  a  combined  increase  in  the  fuel  and  oxygen  equivalence  ratios  was  the 
most  effective  method  of  increasing  the  local  heat  release  in  the  primary  zone  of  the  combustor. 

6.1.6.  Sources  of  Ilrror  in  the  Hstimates. 

Aliliuugh  the  heat  balance  analysis  has  provided  a  qualitative  explanation  of  the  obscr\'cd  result, 
several  sources  of  error  may  be  noted  in  the  estimates  as  follows: 

(a)  Heat  required  (or  complete  vaporization  of  water:  I'he  state  and  temperature  of  the  water 
exiting  the  combustor  have  tiot  been  measured,  and  thus,  whether  all  of  the  water  leaves  the 
combustor  in  vaj)or  from  is  unknown. 

(b)  Bsiimate  of  fuel  burned:  The  quantity  of  unburned  hydrocarbons  in  the  exhaust  gas  has  not 
been  measured;  lienee,  the  estimate  of  unburned  fuel,  as  well  as  that  of  local  fuel 
equivalence  ratio,  based  on  the  heat  release  estimates  may  be  inaccurate. 

(c)  listimaied  flume  temperature:  The  value  of  kx:al  equivalence  ratio,  is  utilized  as  an  injiut  in 
order  to  obtain  an  estimate  for  tlie  fiame  temperature.  In  some  ca.ses,  tlie  estimated  value  of 
local  equivalence  ratio  is  predicted  to  be  slightly  below  the  lean  flammability  limit  for  the 
hydrocarbon  fuel,  Cu)!  l2().  utilized  in  the  crxle. 


SUMMARY  OF  OBSfiRVATlONS. 
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The  redistribution  of  water  in  ilie  different  streams  and  pans  of  ...v, 
clement  is  strongly  dejiendent  upon  the  form  and  mass  fraction  of  water  at  entry  to  the 
diffu.ser  and  the  air  veliKity  in  the  different  parts  of  die  element. 


2.  The  form  of  water  in  the  primary  zone  is  predominantly  a  function  of  air  How  velocity, 
although  the  amount  of  water  entering  through  the  primary  jets  may  depend  to  some  extent 
on  the  form  of  admission  of  water  in  the  diffu.scr. 


The  temperature  increase  factor  and  the  pressure  lo.ss  factor  can  be  related  to  water  entry 
conditions  to  the  diffuser  in  a  given  diffu.ser-coinbusior  element. 
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4.  r'ollowing  a  reduction  in  the  temperature  nse  across  the  combustor  with  a  given  air-water 
mixture,  some  recovery  in  the  temperature  rise  is  possible  by  a  modest  change  in 
equivalence  ratio  only  in  the  case  of  water  in  film  form  only.  In  other  cases,  for  example 
with  spray  only  or  film  and  spray,  there  arises  no  appreciable  gain  in  the  temperature  rise. 
It  may  be  pointed  out  here  that  a  change  in  equivalence  ratio  gives  rise  simultaneously  to  an 
increase  in  temperature  due  to  increased  fuel  burning  heat  and  mass  transfer  of  the  water, 
and  vitiation  by  water  vapor.  The  obsci’ved  results  arc  due  to  an  interactive  combination  of 
the  three  changes. 

5.  The  occurrence  of  flameoui  is  a  function  of  air  mass  flow,  and  temperature,  fonn,  and  mass 
fraction  of  water.  Wheti  compared  to  the  case  of  small  droplet  spray  injection,  an  increase 
in  the  mean  droplet  size  leads  to  an  increase  in  the  amount  of  injected  spray  required  to 
cause  a  Hameout.  This  may  be  understood  by  noting  that  the  water  enters  prcdominamly 
through  the  primary  jets  in  large  sized  ligament  fonn,  and  therefore  undergoes  little  healing 
and  vaporization. 

6.  It  may  be  noted  tliat  a  reduction  in  temperature  of  water  (by  chilling)  tends  to  reduce 
vitiation  by  water  vapor  while  giving  rise  to  a  small  increase  in  the  reduction  of  air 
temperature.  The  observed  results  must  be  understood  in  terms  of  the  interactive 
combination  of  those  two  effects. 

7.  Atlemius  at  recovery  of  c.xit  gas  temperature  by  an  increase  of  fuel  equivalence  ratio  have 
proved  successful  with  low  mass  fraciiotis  of  water  in  either  film  fonn  or  large  droplet 
spray  form,  when  the  water  could  be  expected  to  enter  the  primai-y  zone  mainly  tlirough  the 
primary  jets.  On  the  other  hand,  an  increase  of  fuel  equivalence  ratio  \yas  not  effective 
when  the  water  entered  iti  small  droplet  spray  form,  largely  thnnigh  the  swirl  cups. 

h.  Wliile  the  foregoing  apply  in  general  for  both  cotnbuslor  settings  1  and  2,  the  effects  of 
gravity  on  film  motion  and  the  resulting  changes  in  combustion  perfonnance  become 
substantially  increased  for  the  cup  that  is  most  displaced  in  the  gravitational  direction.  It 
can  be  surmised  tlial  even  in  setting  1  the  two  side  cups  may  sulfer,  but  in  setting  2,  the 
elfcct  is  worse. 

y.  The  effect  of  enrichment  of  air  with  oxygen  is  always  a  gain  in  combustor  tcmiierature 
unless  tlie  increase  in  heat  loss  U)  water  and  vitiation  due  to  vai)or  generation  tends  to 
reduce  the  gain  to  a  negligible  value.  Tor  a  fuel  equivalence  ratio  of  0.24,  in  the  case  of 
spray  injection  truly,  the  gain  in  temperature  is  the  large.st  for  values  of  Xwd  4.0 

per  cent;  and  for  combined  film  and  spray  injection,  the  gain  in  temperature  is  largest  for 
values  of  Xwd  higher  than  4.0  jrer  cent.  I'or  a  fuel  equivalence  ratio  of  0.3,  in  the  ca.se  of 
spray  injection  only,  and  combined  film  and  spray  injection,  the  gain  in  temjrerature  is  the 
largest  for  values  of  Xwd  4,0  per  cent. 

10.  The  combined  effects  of  an  increase  in  fuel  equivalence  ratio,  and  an  enrichment  of  air  with 
trxygcn  is  to  peimit  a  regain  of  the  temperature  to  the  value  obtained  during  operation  with 
air  (only),  excejrl  in  the  ease  of  irijection  of  over  4.0  per  cent  water,  when  the  eflects  of 
c(Kiling  and  perhaps  also,  vitiation  li  tid  to  dominate. 

1 1.  The  air  How  velocity  affects  the  distribution  of  water  in  the  primary  zone,  which  in  turn  can 
be  expected  in  influence  the  fuel  distribution  and  the  interphasc  heat  transfer  in  the  near¬ 
cup  region  of  the  i)rimary  zone,  and  hence  the  combustor  exit  temperature.  Thus,  for  a 


49 


given  state  of  air-water  mixture,  the  mass  flux  tlirough  the  combustor  becomes  a  significant 
parameter. 

12.  Based  on  the  foregoing,  it  can  be  projected  that  in  practical,  fuel  annular  combustor 
operating  with  an  air-water  mixture  from  a  compressor  the  6  o'clock  cup  is  the  one  that 
becomes  affected  the  most  readily  and  the  greatest,  all  of  the  remaining  cups,  except  the  12 
o'clock  cup,  undergo  progressively  less  deterioration,  and  display  unstable  characteristics 
and  eventual  flameout  with  increases  in  water  mass  fraction  and  air  muss  flux,  the  12 
o'clock  cup  is  probably  the  least  affected  and  may  remain  lit  up  even  with  large  mass 
fractions  of  water,  especially  at  low  air  mass  flux  rates,  and  the  exit  gas  temperature  drops 
appreciably  even  with  a  small  mass  fraction  of  water,  it  is  neither  possible  to  recover  the 
exit  gas  temperature  nor  establish  a  relight  and  a  well  distributed  flame  across  the 
combustor  cross  section  even  with  a  change  in  fuel  equivalence  ratio  only  so  long  as  the 
water  content  in  the  air  remains  high,  and  the  pattern  factor  at  the  combustor  exit  may  tend 
to  become  extremely  poor  and,  possibly,  time-dependent.  Concerning  regain  of  combustor 
exit  temperature  it  appears  that  an  increase  in  fuel  tlow  rate,  if  accompanied  by  a  modest 
amount  of  enrichment  of  air  with  oxygen  (under  2  per  cent),  will  result  in  nearly  complete 
recovery,  at  least  up  to  about  4  per  cent  of  spray  in  the  mixture.  The  oxygen  requirement 
may  be  under  10  kg  per  engine  for  5  minutes  of  operation  under  flight  idle  conditions  in  the 
cuiTcnt  case. 

13.  The  results  of  the  tests  performed  with  modified  fuel  equivalence  ratio,  and  oxygen- 
enriched  air  may  also  suggest  in  the  case  of  a  practical  engine  a  number  of  operational 
changes,  for  example  in  the  form  of  engine  speed  legulation  for  different  power  demand 
settings,  that  can  yield  the  same  benefits  as  additions  of  fuel  and  oxygen. 

It  may  be  noted  that  the  foregoing  ob.servations  are  ba.sed  on  tests  conducted  with  near- 
atmospheric  air,  both  in  temperature  and  pressure.  While  tlie  general  trends  in  the  results  may 
not  change  if  tlie  combustor  is  oiKiated  with  heated  air,  under  presruriaied  conditions,  there  may 
arise  substantial  changes  in  the  quantitative  estimates  of  performance  changes  and  flameout 
conditions. 
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2.  CONCLUSIONS. 


1.  The  amount  of  water  entering  the  primary  zone,  as  a  fraction  of  the  amount  of  water 
entering  the  diffuser,  is  high.  But  the  size  and  space-wise  distribution  of  the  liquid  entities 
in  the  combustor  is  a  complex  function  of  air  water  mixture  conditions  in  the  prediffuser, 
the  air  mass  flux  and  distribution,  and  the  design  parameters  of  the  swirl  cups  and  primary 
jets. 

2.  The  distribution  of  water  in  an  annular  combustor  is  strongly  affected  by  the  influence  of 
gravity  on  the  flowfield  in  the  secondary  streams  in  the  outer  section  of  tlie  combustor. 

3.  The  presence  of  water  in  the  flow  docs  not  seem  to  affect  the  stagnation  pressure  loss 
across  the  sector. 

4.  The  water  distribution  in  the  primary  zone  is  affected  by  the  form  of  water  entering  the 
prediffuser  in  addition  to  the  air  flow  velocity.  The  water  distribution  affects  both  the  heat 
transfer  and  the  fuel  distribution.  Tlicrefore,  the  air  mass  flux  has  a  significant  influence  on 
the  net  heat  release  in  the  combustor. 

5.  During  air-water  mixture  operation,  heat  loss  to  water,  through  heating  and  vaporization, 
resulting  in  a  possible  decrease  in  flame  temperature  in  the  primary  zone,  appears  to  be  the 
dominant  process  leading  to  temperature  loss  across  the  combustor. 

6.  Considering  the  temperature  reduction  arising  during  operation  with  a  small  amount  of 
water  in  the  air-water  mixture  supplied,  it  is  overcome  only  by  means  of  an  increase  in  heat 
release  that  is  in  excess  of  the  heat  required  to  heat  and  vaporize  the  water  in  the  primary 
zone. 

7.  Among  the  possible  means  for  increasing  the  heat  release,  namely  an  increase  in  fuel 
etiuivalcncc  ratio,  an  enrichment  of  air  with  oxygen,  and  an  increase  in  fuel  and  enrichment 
of  air,  it  appears  tliat  the  first  two  are  effective  in  cases  where  there  is  little  entry  of  water 
through  the  cups,  while  the  third  provides  improvement  over  a  large  range  of  water  mass 
fraction  entering  cither  through  the  cups  or  the  primary  jets. 
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5. 


Fraction  of  Injected  W^ler  Entering  ^  Fraction  of  Injected  V^^ter  Entering 


Mass  Fraction  of  Spray,  Per  Cent 

2.  Effect  of  Mass  Fraction  of  Injected  Spray  of  Small  Droplet 
Size  on  Water  Entry  into  the  Primary  Zone  Through  (he 
Dome  and  Primary  Jets 


Mass  Fraction  of  Spray,  Per  Cent 

Figure  3.  Effect  of  Mass  Fraction  of  Injected  Film  and  Spray  of  Small 
Droplet  Size  on  Water  Entry  into  (he  Primary  7^>nc  Through 
the  Dome  and  Primary  Jets 
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\ 


Mass  fraction  of  Film  =  0.0  per  cent 
Mean  V)lumetric  Drop  Size  =  750  microns  I 

0.45  kg/s,  Mtxlcl  I 
—  -  o~~  0.45  kg/s,  Mmicl  U 
M  ■■  0.45  kg/s,  Mtxlcl  III 

,  —  -4-  __  0.91  kg/s.  Model  I 

'**'  —  “O  0.91  kg/s.  Model  II 

^  ^  -■  —  0.91  kg/s.  Model  III 


Figure  4. 


)  2  4  6  8 

Mass  Fraction  of  Spray,  Per  Cent 

EfTect  of  Mass  Fracton  of  Injected  Spray  of  Large 
Droplet  Size  on  Water  Entry  into  the  Primary  Zone 
Through  the  Dome  and  Primary  Jets 


\ 

\ 

VV 


0.45  kg/s, 
0.45  kg/s, 
0.45  kg/s, 
0.91  kg/s, 
0.91  kg/s, 
0.91  kg/s. 


Model  I 
Model  II 
Model  III 
Mixicl  1 
Model  II 
Model  III 


g  S  .  Mass  Fraction  of  Film  =  2.0  per  cent 
2  ;  Mean  Vrlumctric  Drop  Size  =  750  micron 

0  -j — I — I — I — I — I — j — I — — r— 1 — I — I — I — I — I — I — I — I — 
0  2  4  6  8  1 

Mass  Fraction  of  Spray,  Per  Cent 

Figure  5.  EfTect  of  Mass  Fracton  of  Injected  Film  and  Spray  of 
Large  Droplet  Size  on  Water  Entry  into  the  Primary 
Zone  Through  the  Dome  and  Primary  Jets 
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PRIMARY 

STREAM 


Figure  6.  Interaction  of  Combustion  Processes  in  the  Combustor 
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FUEL  ADDITIVES 

FLOW  SUPPLY 


WATER 

FLOW 


Figure  7.  Schematic  of  the  Overall  Test  Facility 


•  P  -  Primary  Jots 

•  S  -  Secondary  Jets 

•  E  -  Exit 


Water 

Colloctod 


(Secondary  holes  can  be  closed  or  open) 


Figure  13.  Combusu-r  Test  Articif 
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Dricntaiion 


SHOP  AIR 
SUPPLY 
110  psi 


SARV 
120  psi 


FUEL  SYSTEM  VALVES 
ACTUATION  AIR 


to  HPASV 
(root) 


0-200  psi 


SASSV 
4000  pGi 

-m- 


)  FSAASV 
6000  pel 


lAHRASV 
600  psi 


SASV 
600  psi 


I  AAV 
303  SS 


|SABV 
400  psi 


RESERVOIR 
1600 


AUXII.IARLY 

AIR 


BLEED 


SNASV 
600  pel 


"'Ll 

' ' 


nKA  I  umi  IV 

FOR  BSV 


SPRAY  NOZZLE 
AIRBLAST 


Figure  15.  Laboratory  Air  Supply  System  (continued) 
Nomenclature  appears  on  following  page. 
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0 

REGULATOR 

AAV 

0 

PRESSURE  GAUGE 

ABHL 

CABTV 

0 

A 

MANUAL  BALL  VALVE 

MOTOR  DRIVEN  VALVE 

CPAMV 

CASHL 

AIR-ACTUATF.D  VALVE 

CASR 

MABV 

BURST  DIAPHRAGM 

HPASV 

\y 

THERMOCOUPLE 

TRASV 

1 

1 

ORIFICE  PLATE 

ABRV 

CAV 

FSAASV 

g 

HAND  LOADER 

BSV 

© 

AIR-ACTUATED  REGULATOR 

PASHL 

PASR 

CSC 

MOTOR  DRIVEN 

SASV 

THROTTLE  VALVE 

SABV 

RELIEF  VALVE 

MBSVR 

1 

D 

PRESSURE  SWITCH 

SASSV 

MBSVC 

T 

NEEDLE  VALVE 

FLOWMETER 

AHPASV 

SARV 

SNASV 

AUXILIARY  Ain  VALVE 
AIR  BLAST  HAND  LOADER 
COMBUSTOR  AIR  BYPASS 
THROTTLE  VALVE 
COMBUSTION  AIR  MIXING  VALVE 

COMBUSTOR  AIR  SUPPLY 
HAND  LOADER 

COMBUSTOR  AIR  SUPPLY  REGULATOR 
PRIMARY  AIR  MIXING  VALVE 
HIGH  PRESSURE  AIR  SHUTOFF 
VALVE 

TEST  RIG  AIR  SHUTOFF  VALVE 
AIR  BLAST  RELIEF  VALVE 
COMBUSTOR  AIR  VALVE 
FUEL  SYSTEM  ACTUATION  AIR 
SHUTOFF  VALVE 
BYPASS  SHUTOFF  VALVE 
PRIMARY  AIR  SUPPLY  HAND  LOADER 
PRIMARY  AIR  SUPPLY  REGULATOR 
SHOP  AIR  SHUTOFF  VALVE 
SHOP  AIR  BLEED  VALVE 
MANUAL  BYPASS  SHUTOFF  VALVE-ROOF 
SHOP  AIR  SECONDARY  SHUTOFF  VALVE 
MANUAL  BYPASS  SHUTOFF  VALVE-CELL 
ACTUATES  HPASV 
SHOPAIR  RELIEF  VALVE 
SPRAY  NOZZLE  AIR  BLAST  SHUTOFF  VALVE 


Figure  1 6.  Laboratory  Air  Supply  System  (concluded) 
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TO  FILM  TO  SPRAY 

PROCESSOR  PROCESSOR 


NOTE:  ALL  PIPING  IS  PVC  11  TO  1"  D!A.  RATED  AT  450  psi@  78F 


Figure  17.  Water  Supply  System  (continued) 
Nomenclature  appeal's  on  following  page. 
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MANUAL  BALL  VALVE 

MANUAL  GATE  VALVE 

PUMP  3  HP  115V.  33  AMP 

A 

CHECK  VALVE 

CULLIGAN  WATER  FILTER 

o 

REGULATOR 

FLOWMETER 

0 

PRESSURE  GAUGE 

C3Ci 

NEEDLE  VALVE 

FICA 

FIFAV 

LWSV 

BV 

PFISV 

PSNSV 

PSSV 

RTDV 

RTSV 

RTV 

SFISV 

SNCAV 

SNCSV 

SNFAV 

SSNSV 

FP 


FILM  INJECTOR  COARXE  ADJUSTMENT 
FILM  INJECTOR  FINE  ADJUSTMENT  VALVE 
LABORATORY  WATER  SHUTOFF  VALVE 
BLEED  VALVE 

PRIMARY  FILM  INJECTOR  SHUTOFF  VALVE 
PRIMARY  SPRAY  NOZZLE  SHUTOFF  VALVE 
PUMP  SUPPLY  SHUTOFF  VALVE 
RESERVOIR  TANK  DRAIN  VALVE 
RESERVOIR  TANK  SUPPLY  VALVE 
RESERVOIR  TANK  VENT 
SECONDARY  FILM  INJECTOR  SHUTOFF  VALVE 
SPRAY  NOZZLE  COARSE  ADJUSTMENT  VALVE 
SPRAY  NOZZLE  CABINET  SHUTOFF  VALVE 
SPRAY  NOZZLE  FINE  ADJUSTMENT  VALVE 
SECONDARY  SPRAY  NOZZLE  SHUTOFF  VALVE 
PUMP  SUPPLY  PRESSURE 


Figure  18.  Water  Supply  System  (concluded) 
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Processor 


Strip 

Heater 


FIBV 


To  Film  Box 


Drain 


Strip 

Heater 


V. 


SNIBV 


To  Spray  Injector 


Drain 


FIBV  -  Film  Inject-Bypass  Valve 
SNIBV  -  Spray  Nozzle  Inject-Bypass  Valve 


Figure  19.  Water  Processing  System 


Figure  20.  Water  Spray  Injection  Manifold 


MFSV-J 


FIBV-J^ 
To  Spray  Injector 


Bypass 
FIE 

To  Spray  Injector 

B] 

FIBV-J 

To  Spray  Injector 

Bypass! 


Hot  Water 
Immersion 
Heater 


T 

Shop 


Fuel  is 
Contained  in 
One-piece 
Coil 


Paddle 

Flowmeter 


Note;  Stainless  steel  tubing  used  throughout. 
Rated  pressure  >  2000  psl 


Figure  23.  Fuel  Supply  and  Processing  Systems  (continued) 


Nomenclature  appears  on  following  page. 
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(-J) 

NPR-J 

NSV-J 

NSR-J 

NHL-J 

FSNSV-J 

MFTV-J 

PFTV-J 

MFDV-J 

MFSV-J 

PFSV-J 

FMBV-J 

FMIV-J 

FCNV-J 

FIBV-J 


=>  Jet  A  fuel  supply 

-  Nitrogen  pressure  regulator 

-  Nitrogen  shut-off  valve 

-  Nitrogen  supply  regulator 

-  Nitrogen  hand  loader 

-  Fuel  system  nitrogen  shutoff  valve 

-  Manual  fuel  tank  vent 

-  Pneumatic  fuel  tank  vent 

-  Manual  fuel  drain  valve 

-  Manual  fuel  shutoff  valve 

-  Pneumatic  fuel  shutoff  valve 

-  Fuel  manifold  bleed  valve 

-  Fuel  manifold  injector  valve 

-  Fuel  control  needle  valve 

-  Fuel  inject/bypass  valves 


Figure  24.  Fuel  Supply  and  Processing  Systems  (concluded) 


Air 

Supply 


Figure  2.*).  Oxygen  Supply  System 
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— •—  1  Oitenurinm;  1 
—  —  l.t  IhAt,  Ofiematiaa:  1 


Figure  27.  Case  I:  Effect  of  Mass  Fraction  of  Injected  Spray  of  Small 
Droplet  Size  on  Water  Entry  into  the  Primary  Zone  Through 
the  Dome  and  Primary  Jets  (Orientation  1 ) 


■■■  ■  I  Ih/i.,  Oriaamrion;  1 
—  —  1.8  Ui/t.  Oileatatioa:  1 


Figure  28.  Case  I:  Effect  of  Ma.ss  Fraction  of  Injected  Film  and  Spray 
of  Small  Droplet  Size  on  Water  Entry  into  the  Primary  '/one 
Through  the  Dome  and  Primary  Jets  (Orientation  1 ) 
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- m—  1  UVmc,  Oiienutioo:  1 

—  1.8  UVmc.  Orientation:  1 


100 


0 


Mass  Prardon  of  fOu  -  0.0  per  cent 
Mean  Volumetric  Drop  Size  ■  750  nrioons 


0  2  4  6  8  10 

Mass  Fraction  of  Spray  (Per  Cent) 


Figure  29.  Ca.se  II:  EfTect  of  Ma.ss  Fraction  of  Injected  Spray  of  Large  Droplet 
Size  on  Water  Entry  into  the  Primary  ^ne  Through  the  Dome  and 
Primary  Jet.s  (Orientation  1) 


I  IVaec.  Orimearim:  1 
—  -  1.8  IWaec,  Orientarioo:  1 


Mass  Fiaction  of  Spray  (Pear  Cent) 

Figure  .^0.  Case  II:  Effect  of  Mass  Fraction  of  Injected  Film  and  Spray  of  Large 
Droplet  Size  on  Water  Entry  into  the  Primary  7x)nc  Through  the  Dome 
and  Piimaiy  Jets  (Orientation  1) 
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— « —  I  Ih/k.  Oritotadao:  2 
—  —  1  Ib/t,  Orimmrinn;  2 


Figure  3 1 .  Case  III:  Effect  of  Mass  Fraction  of  Injected  Spray  of  Small  Droplet 
Size  on  Water  Entry  into  the  Primary  Zone  Through  the  Dome  and 
Primary  Jets  (Orientation  2) 


- ■ —  I  Otkatirinn;  2 

—  U  llVs,  Orimatinn:  2 


Mass  Fraction  of  Spray  (Per  C^) 

Figure  32.  Ca.se  ill:  Effect  of  Ma.ss  Fraction  of  Injected  Film  and  Spray  of  Small 
Droplet  Size  on  Water  Entry  into  the  Pnmary  Zone  Through  the  Dome 
and  Primary  Jets  (Orientation  2) 


I 
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— m —  1  Ih^  OrieniitiOD:  2 
-  -  I J  It^nc.  Oriamdoo;  2 


Mass  Frucdoo  of  Spray  (Per  Cent) 

Figure  33.  Ca.se  IV:  Effect  of  Mass  Fraction  of  Injected  Spray  of  Large  Droplet 
Size  on  Water  Entry  into  the  Primai7  Zone  Through  the  Dome  and 
Primary  Jets  (Orientation  2) 


— ■ —  1  It^wac.  Orirnuiion:  2 
—  -o  —  i  J  IWliec,  OricaadoD:  2 


Mass  Fraction  of  Spray  (Per  Cent) 


Figure  34.  Ca.se  IV:  Effect  of  Mass  Fraction  of  Injected  Film  and  Spray  of  Large 
Droplet  Size  on  Water  Entry  into  the  Primary  Zone  Through  the  Dome 
and  Primary  Jets  (Orientation  2) 
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- m—  I  UVt,  Orienutloti:  1 

-  —  1.S  Orltattadoo:  1 


Figure  35.  Case  V:  EfTect  of  Mass  Fraction  of  Injected  Spray  of  Small  Droplet 
Size  on  Water  Entry  into  the  Combustor  (Orientation  1) 


100 
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Mass  Fraction  of  Spray  (Per  Cent) 

Figure  36.  Case  V;  EfTect  of  Mass  Fraction  of  Injected  Film  and  Spray  of  Stiiall 
Droplet  Size  on  Water  Entry  into  the  Combustor  (Orientation  1) 


— • —  I  Ib/s.  Orlcnmlon:  1 
—  —  1,8  Orientation:  1 
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• —  1  \b/»,  Otienmion:  1 
—  -  l.S  Ih/*,  Orienudon:  1 


Figure  37.  Case  VI:  Effect  of  Mass  Fraction  of  Injected  Spray  of  Large  Droplet 
Size  on  Water  Entry  into  the  Combustor  (Orientation  1) 


— •  I  Ib/i.  OriHUUlon:  J 
—  -  1.8  Ib/s.  Oricmaiion;  1 


Figure  38.  Ca.se  VI:  Effect  of  Mass  Fraction  of  Injected  Film  and  Spray  of  Large 
Droplet  Size  on  Water  Entry  into  the  Combustor  (Orientation  1 ) 
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Miu  Fnaioa  of  PDn  >  0.0  per  Ota 
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Mass  Fraction  of  Spray  (Per  Ceot) 


Figure  39.  Case  VII;  Effect  of  Ma.ss  Fraction  of  Injected  Spray  of  Small  Droplet 
Size  on  Water  Entry  into  the  Combu.stof  (Orientation  2) 


I  Orimarion:  2 
l.S  Sl^.  Orieaadon:  2 


Figure  40.  Case  VII:  Effect  of  Mass  Fraction  of  Injected  Film  and  Spray  of  Small 
Droplet  Size  on  Water  Entry  into  the  Combustor  (Orientation  2) 
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Moss  Pnction  of  Spny  (Per  (Icdi) 

figure  41  Cuve  VIII  Efieci  of  Masv  Fraction  of  Injected  Spray  of  Large  Droplet 
Size  on  Water  Entry  into  the  Combustor  (Orientation  2) 


0  2  4  0  8  10 

Mau  F^Ktion  of  (Per  Cau) 


•igurc  42  C  ase  VIII  Effect  of  Mass  Fraction  of  Injected  Film  and  Sprav  of 

l-arge  Droplet  Sue  on  Water  Entry  into  ific  Combustor  (Orientation  2) 


«—  la/^nrifttriwe  1 

liD^Oriantkn:  1 


(Percent) 

F'lgurc  43  Cukc  I;  Effect  of  Mass  Fraction  of  Injected  Spray  in  the  Prcdifiliser 
on  Mxss  Fraction  of  Water  in  the  Primary  Zone 


— ■ —  1  Oricaadon:  1 

LI  Ihli  Orifntirina- 1 


0  2  4  6  8  10  12 

Mass  Fraction  of  Water  in  the  Prediffuser 
(Pff  Cent) 

Figure  44.  Case  I:  Effect  of  Mass  Fraction  of  Injected  Film  and  Spray  in  the 
Prediffuser  on  Ma.ss  Fraction  of  Water  in  the  Primaiy  Zone 
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— (H-  1  Orieatidan: ! 
—  1 J  Ib/t  OriBMirioBr  1 


0  2  4  6  8  iO 

MassFractioaof  Waierintbe  PrediiTuser 
(Per  Cent) 


Figure  45.  Ca.sc  11;  Effect  of  Mass  Fraction  of  Injected  Spray  in  the  Predifiliscr 
on  Mass  Fraction  of  Water  in  the  Primary  Zone 


—9  ■■  I  lWi.Oricaatiott:  I 
-  *•  1 J  Oriwarion:  1 


'  ■  1  IVj.  Ortoattiioo;  2 

—  1^  Ibi/i,  Orientttion;  2 


(Percent) 


Figure  47.  Ca.se  III:  Effect  of  Ma.ss  Fraction  of  Injected  Spray  in  the  Prediffliser 
on  Mass  Fraction  of  Water  in  the  Primary  Zone 


— —  1  Ih^  Orientatioa:  2 
—  U  lh/!i.  Orkatatico:  2 


Mass  Fracdon  of  Water  in  the  Prediffuser 
GPCrCent) 

Figure  48.  Case  III:  Effect  of  Mass  Fraction  of  Injected  Film  and  Spray  in  the 
Prediffuser  on  Mass  Fraction  of  Water  in  the  Primary  Zone 
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— • —  1  Vajg,  Oiientitioa:  2 
—  4»-  1 J  Oiieatftioii:  2 


(Percent) 

Figure  49.  Case  IV;  Effect  of  Mass  Fraction  of  Injected  Spray  in  the  Predifiliser 
on  Mass  Fraction  of  Water  in  the  Primary  Zone 
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Figure  50.  Case  IV:  Effect  of  Mass  Fraction  of  Injected  Film  and  Spray  in  the 
Prediffuser  on  Mass  Fraction  of  Water  in  the  Primary  Zone 
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Figure  51. 


V,/aicr 


Bow 


in  a  PrediFuser 
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F'ijjurc  52.  Water  Droplet  Distribution  in  the  Primary  Zone 


Corrected  Air  Mass  Flowrate 
at  the  Spray  Injector  Section 


Pressure  Lx)ss  Factor,  F 
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Figure  56.  Case  1 :  Effect  of  Mass  Fractions  of  Injected  Water  in  Film 
and  Spray  Form  on  Pressure  Loss  Factor 
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Figure  59.  Case  2;  Effect  of  Mass  Fractions  of  Injected  Water  in  Film 
and  Spray  Form  on  Temperature  Increase  Factor 
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aF,  ml/s 


TEST  CONDITIONS: 

rhg  «  0.363  kg/s 
(0.8  Ib/s) 

»  0.24 


AF  «  Change  in  fuel  flowrate 
AT  m  (To4)l(n«|ur«“(To4)|a,, 


KEY. 

1  ■  water  on 

2  -  recovery  start 

3  « recovery  end 

4  =  water  off 


Figure  60. 


i 


Reduction  in  Combustor  Exit  Temperature  vs.  Time 
(A)  Spray  only  (continued). 
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AF.  ml/s 


TEST  CONDITiONS: 

rihg  »  0.363  kg/s 
(0.8  Ib/s) 
0>O.24 


AF  »  Change  in  fuel  flowrate 

AT  *  (To4^iKtura~(To4]air 


KEY: 

1  -  water  on 

2  » recovery  start 

3  » recovery  end 

4  >  water  off 


0  200  400  600  800  1000  1200  1400 

TIME,  s 


Figure  60.  Reduction  in  Combustor  Exit  Temperature  vs.  Time 
(B)  Film  and  Spray  (concluded). 
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AF.  ml/s 


TEST  CONDITIONS:  KEY: 

rfig  .  0.454  kg/s  1  *  water  on 

(1 .0  Ib/s)  aF  «  Change  in  fuel  flowrate  2  »  recovery  start 

0  =  0.24  3  *  recovery  end,  water  off 

AT  *  (To4Vnixlur«~(To4)alr 


Time,  s  Spray  only 


Figure  61 .  Rcdvjciion  in  Combustor  Exit  Temperature  vs.  Time 
Spray  only  (continued/. 
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AF,  ml/s 


TEST  CONDITIONS:  KEY: 

rha  -  0.454  kg/s  1  »  water  on 

(1 .0  ib/s)  2  »  recovery  start 

0  =  0.24  *  Change  In  fuel  flowrate  3  „  recovery  end,  water  off 

=(To4)n:ijxiur«~(To4)0if 


Figure  61 .  Reduction  in  Combustor  Exit  Temperature  vs.  Time 
(B)  Film  and  Spray  (concluded). 


AF,  ml/s 


TEST  CONDITIONS: 


KEY; 


iTig  »  0.363  kg/s 
(0.8  Ib/s) 

<J>  »  0.24  =  Change  in  fuel  flowrate 


1  -  water  on 

2  =  recovery  start 

3  «  recovery  end,  water  off 


Time,  s 


Spray  only 
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Figure  62.  Reduction  in  Conr»t>ustor  bxit  Temperature  vs.  time 
(A)  Spray  only  (continued). 
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AF.  ml/s 


TEST  CONDITIONS: 


KEY: 


rfig  -  0.363  kg/s 
(0.8  Ib/s) 

*  0.24  AF  ■  Change  in  fuel  flowrate 


1  -  water  on 

2  -  recovery  start 

3  -  recovery  end,  water  off 


AT  ■  (To4)mixtur«~(To4)alr 


Figure  62.  Reduction  in  Combustor  Exit  Temperature  vs.  Time 
(B)  Film  and  Spray  (concluded). 
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erature,  T 


Figure  64.  Effect  of  Injected  Water  Film  and  Spray  Temperature 
on  Combustor  Ex.t  Temperature 
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Figure  6.5.  Effect  of  Test  Article  Orientation  on  Temperature 
Increase  Factor  (Water  Spray  Injection) 
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X^yf  =  2  per  cent 

=  0.454  kg/s 
(=  1 .0  Ib/s) 

4)  =  0.30 


O  Setting  1 
□  Setting  2 


Mass  Fraction  of  Spray,  Per  Cent 


Figure  66.  Effect  of  Test  Article  Orientation  on  Tcmperatu.’c 
Increa.se  Factor  (Water  Film  and  Spray  Injection) 
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Pressure  Loss  Factor.  F, 


0.363  kg/s 
(0.8  Ib/s) 


o  Xq^  =  0  pe*"  cent 
o  Xqj  =  2  per  cent 


X^,  =  2  percent 


o  Xqj  =  0  per  cent 
°  Xqj  =  2  per  cent 


Mass  Fraction  of  Spray,  Per  Cent 


Figure  67.  Case  1 :  Effect  of  Mass  Fractions  of  Injected  Water  in  Film 
Form  and  Spray  of  Small  Droplet  S'zc  on  Pressure  Loss 
Factor  (Xq2  =  2.0. 0  =  0.24) 


Temperature  Increase  Factor,  F 


1.0 


Figure  68.  Case  1 ;  Effect  of  Mass  Fractions  of  Injected  Water  in  Film 
Form  and  Spray  of  Small  Droplet  Size  on  Temperature 
Increase  Factor  (Xq2  =  2.0,  (J)  =  0.24) 
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Mass  Fraction  of  Spray,  Per  Cent 


Figure  69.  Case  1 :  Effect  of  Mass  Fractions  of  Injected  Water  ’n  Film 
Form  and  Spray  of  Small  Droplet  Size  on  Pressure  Lx)ss 
Factor  (Xqt  =  2.0,  =  0.3) 


Mass  Fraction  of  Spray,  Per  Cent 


Figure  70.  Case  1 :  EfTcci  of  Mass  Fractions  of  Injected  Water  in  Film 
Form  and  Spray  of  Small  Droplet  Size  on  Temperature 
Increase  Factor  {Xq2  ~  2.0,  <>  =  0.3) 
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AF,  ml/s 


TEST  CONDITIONS: 
rrig  =  0.454  kg/s 

(1 .0  Ib/s)  aF  =  Change  in  fuel  flowrate 

())  =  0.3 

=  (To4)mixlura~('r04)air 


KEY: 

1  =  water  on 

2  =  recovery  start,  fuel  & 

O2  addition 

3  =  recovery  end 


0  too  200  300  400  500 

Time,  s  Spray  only 
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Figure  7 1 .  Reduction  in  Combustor  Exit  Temperature  vs.  Time 
(A)  Spray  only  (continued). 
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AF,  ml/s 


TEST  CONDITIONS: 


rfig  =  0.454  kg/s 
(1 .0  Ib/s) 

0  =  0.3  AF  =  Change  in  fuel  flowrate 

AT  =  (To4)mixtur®“(To4yair 


KEY: 

1  =  water  on 

2  »  recovery  start,  fuel  & 

O2  addition 

3  =  recovery  end 


Figure  7 1 .  Reduction  in  Combustor  Exit  Temperature  vs.  Time 
(B)  Film  and  Spray  (concluded). 
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AF.  ml/s 


TEST  CONDITIONS: 


rfig  *  0.363  kg/s 

(0.8  Ib/s)  =  Change  in  fuel  flowrate 

<l)  =  0.24 

AT  =  (To4)mi)(tui«"(To4)air 


KEY: 

1  =  water  on 

2  »  recovery  start,  fuel  & 

O2  addition 

3  » recovery  end 


Figure  72.  Reduction  in  Combustor  Exit  Temperature  vs.  Time 
(A)  Spray  only  (continued). 
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AT,  ®C  AF,  ml/s 


TEST  CONDITIONS: 
mg  0.363  kg/s 

(0.8  Ib/s)  aF  =  Change  in  fuel  flowrate 
<)  =  0.24 

“  (To4)mixtur®“{To4)air 


KEY: 

1  *  water  on 

2  =  recovery  start,  fuel  & 

O2  addition 

3  =  recovery  and 


Figure  72.  Reduction  in  Combustor  Exit  Temperature  vs.  Time 
(B)  Film  and  Spray  (concluded). 
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Fuel  Equivalence  Ratio 


Figure  73.  Effect  of  Quantity  of  Vitiation  on  Flame  Speed 


Air  Loading  Parameter,  NA^  (gmol/s  L  atm") 


Figure  74.  Effect  of  Vitiation  on  Flaineout  Charactenstics 


114 


APPENDIX  A.  SPRAY  NOZZLE  CHARACTERISTICS 


Details  are  provided  in  the  following  on  the  two  models  of  spray  nozzles  utilized  in  this 
investigation.  The  nozzles  have  been  acquired  from  Spraying  Systems,  Co.,  Wheaton,  Ill.  One 
of  'he  models  is  a  standard  pressure  nozzle  while  the  other  is  an  air-assist  nozzle,  utilized  for 
generation  of  small  droplet  sizes.  Table  A-1  includes  the  overall  features  of  the  two  nozzles. 
Table  A-2  provides  some  operational  conditions  of  the  nozzles. 

TABLE  A-1.  SPRAY  NOZZLES  USED  IN  THE  INVESTIGAHON 


Nozzle  Type 

Spray  Pattern 

Drop  Size  (Jlassification  Spray  Angle 

(degrees) 

Veejet  2510 
(pressure) 

Flat 

Small-Medium 

15  too 

Casteijet  19880 
(air-blast) 

Flat 

Small 

50 

TABLE  A-2.  CHARACTERISTICS  OF  THE  SPRAY  NOZZLES 


Nozzle  Type  Water  Pressure  Air  Pressure  Capacity  Mean  Volumetric 
(kPa)  (kPa)  (Lpm)  Droplet  Size 

_ _ _ _ (microns) 


Veejet  iSlO 

Wi 

- 

1.1 

- 

(pressure) 

276 

- 

3.8 

414 

- 

4.5 

552 

• 

5.3 

689 

- 

6.1 

875 

Casicrjet  19880 

up  to  689  kPa 

310 

4.9 

20  to  25 

(air-blast) 

APPENDIX  B.  FUEL  SUPPLY  SYSTEM  CALIBRATIONS. 


The  fuel  equivalence  ratios  utilized  in  the  burning  tests  ranged  from  0.24  to  0.4.  The  air  mass 
flow  rates  ranged  from  0.363  to  0.454  kg/s.  With  these  operating  conditions,  the  required  fuel 
flow  rate  ranged  from  approximately  7.0  to  15.0  mL/s.  Calibration  tests  have  been  carried  out  on 
the  three  fuel  injector  bits,  both  individually  and  collectively  (connected  n  the  manifold).  The 
objective  of  the  tests  were  several-fold: 

1 .  To  calibrate  the  micro  flowmeter  in  situ, 

2.  to  verify  the  performance  of  the  individual  fuel  injector  bits,  and 

3.  to  ensure  that,  for  a  given  fuel  flowrate  to  the  manifold,  the  flowrates  of  the  three  injector 
bits  (all  attached  to  the  manifold)  are  similar  (i.e.  within  an  error  band  of  1.0  per  cent,  as 
specified  by  GE). 

The  results  of  items  1  and  3  are  presented  in  tables  B-1  and  B-2,  respectively. 

TABLE  B-1.  FUEL  FLOW  METER  CALIBRATION 


Test  Conditions: 

Fuel  Pressure 

App.  Fuel  Flowrate 

45C 

kPa 

10  ml/s 

Test  Number 

Volume  (mL) 

Counts 

K  (pulses/mL) 

1 

1, 5^)15 

tl^p 

839174 

2 

L3"4I? 

11490 

533970 

3 

1,356.3 

11,602 

8.55447 

4 

03335 

5 

iirsti 

07351 

6 

r34T5 

13357 

038  lO 

7 

r3TG 

f33P 

8.38 1 70 

8 

LSSO 

13343 

836B5 

9 

1,592.5 

i33P 

8.579.59 

10 

13373 

13373 

8..‘>88l5 

11 

13133 

f534S 

5!^59 

12 

1,530.0 

13301 

8:56275 

13 

i,4i5.6 

05357 

14 

13473 

13,246 

05931 

15 

r353n 

8.58581 

_ 16 _ 

1,3733 

I333?5 

8.60270 

I  Average  K  =  8.57i73 
I  =  0.01566 


The  p»rocedurc  for  the  calibration  of  the  flow  meter  is  as  follows:  (i)  The  flow  meter  display  unit 
(which  counts  the  number  of  pufscs  outputted  from  the  flow  meter,  and  determines  the 
frequency)  is  zeroed,  (ii)  fuel  is  flowed  through  the  meter  at  a  flow  rate  of  approximately  10 
mL/s  until  about  1.5  L  has  been  collected,  (iii)  The  flow  of  fuel  is  then  stopped,  the  volume  of 
collected  fuel  is  measured,  and  the  number  of  pulses  recorded,  (iv)  The  calibration  constant  of 


B.l 


1 


miBaBSi 


ta 


the  flow  meter,  K  (pulses/mL),  is  then  calculated  by  dividing  the  number  of  pulses  by  the  volume 
of  fuel.  The  procedure  has  been  rcjjeatcd  16  times  and  an  average  K  has  been  determined. 

The  procedure  for  item  3  is  as  follows:  (i)  fuel  is  flowed  through  the  three  injectors  (which  were 
connected  to  the  fuel  manifold)  at  an  approximate  flow  rate  of  10  mL/s  for  about  120  sec.  (ii) 
The  volume  of  atomized  fuel  leaving  each  injector  is  measured,  (iii)  the  three  volumes  arc  then 
compared  with  each  other.  The  test  is  repeated  13  times. 

TABLE  B-2.  FUEL  INJECTOR  AND  MANIFOLD  PERFORMANCE 


Test  Conditions: 

Fuel  Pressure 

■miSISBHl 

■BEmi 

Test  Number 

Volume  After  120  sec  (ml) 

Total  volume  (ml) 

1 

■Bmn 

Injector  3 

1213 

Kim 

2 

■KUiK 

m 

YW 

3 

■Em 

4 

wmsm 

m 

TJTS 

5 

■KIQMI 

r253 

6 

■Kum 

Kim 

mim 

nni 

7 

■Kimi 

r5T?j 

8 

kiejh 

HKISfll 

r^n 

9 

Ml 

Ksm 

m 

■hkhh 

Kim 

Kim 

■ESfll 

■Ki^mSi 

11 

wmsam 

Kim 

■Bm 

1218 

12 

mmsam 

401 

404 

iWf 

li 

399 

■c&m 

Him 

1201 

WBSaSM 

liis.i 

msm 

577 

13 

%  Error 

■BSH 

0.3 

- 

APPENDIX  C.  SAMPLE  ^ AND  ^  ANALYSIS  CALCULATIONS 

Ideal  Heat  Release:  The  ideal  heat  release  was  calculated  by  multiplying  the  mass  flow  rate  of 
fuel  entering  the  combustor  by  the  lower  heating  value  of  the  fuel  as  follows: 

Ideal  Heat  Re  lease  =  f  ^  ^ 

=  325kJ 

whercm  =  0.36kg /s, 4)  =  0.31, <j)j  =0.0676, and  AHf  =42.8MJ  /  kg 

Actual  Heat  Release:  The  actual  heat  release  is  established  as  the  difference  between  the 
enthalpy  of  the  inlet  air  supply  and  the  combustor  exhaust  gas  as  follows: 

Actual  Heat  Release  =  (m,  +  )CpjTj4  -  ihaCpcT ,3  (C-2) 

= 118kJ 

where  m,  =  air  mass  flow  rate  (0.36  kg/s),  ihf  =  fuel  mass  flowrate  (7.603  x  10"^  kg  /  s),  CpiTt4 

=  stagnation  enthalpy  at  the  combustor  exit  (1051  J/kg  K  x  578  K),  and  CpcTtS  =  stagnation 
enthalpy  at  the  combustor  inlet  (1004  J/kg  K  x  293  K). 

Heat  for  Vaporization  of  Water:  The  heat  required  to  vaporize  the  water  in  the  combustor 
consisted  of  (i)  the  heat  required  to  raise  the  temperature  of  the  water  from  20®  to  100®C  (335 
KJ/kg),  and  (ii)  the  heat  required  to  vaporize  all  of  the  water  at  100®C  (2257  kJ/kg).  In  all  of  the 
cases  considered,  the  mass  fraction  of  injected  water,  Xw.  is  2.0  per  cent,  therefore,  the  heat 
required  to  vaporize  the  water  is  calculated  as  follows: 

Heat  Required  for  Vaporization  of  Water  =  Xw  m^  (335  +  2257)  (C-3) 

=  18.8kJ 

Overall  Efficiency,  ri..:  The  overall  efficiency  was  calculated  by  means  of  the  following 
equation; 


Actual  Heat  Re  lease+Heat  for  Vaporization  of  Water 
Ideal  Heat  Re  lease 


^118  +  18.8 
325 

=  42  per  cent 
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Estimated  Mass  of  Fuel  Burned:  Finally,  an  estimate  of  the  amount  of  fuel  that  could  be 
expected  to  have  undergone  combustion  is  calculated  as  follows: 


Mass  of  Fuel  Burned  =  Tic  rhf 

=  0.42  X  7.6g/s 
=  3.2g/s 


(C-5) 
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APPENDIX  D.  EFFECTS  OF  COMBUSTOR  EXIT  TEMPERATURE  AND  PRESSURE  QK 
ENGINE  THRUST 

Considering  a  simple  jet  engine  with  a  single  spool  and  a  nozzle  following  the  turbine  driving  the 
compressor  (figure  D.l),  one  can  write 


and 


AT 


04S 


.JL 

Y-1 


04 


(D-1) 


^^045  -Ti 


04 


-ll 


.Id 


1- 


Jil 
^^04; 


(P-2) 


where  P©  and  T©  correspond  to  the  stagnation  pressure  and  temperature,  respectively.  The 
subscripts  4  and  5  refer  to  the  combustor  and  turbine  exit  stations,  as  indicated  in  Fig.  D-1.  the 
ratio  of  specific  heats  is  denoted  by  y. 

Next,  denoting  the  thrust  by  F,  one  can  write 


and 


F:=riiV 


(D-3) 


V2 


=  2CpTo5 


^  P  ^ 
^06 


Id" 
I  y 


(D-4) 


where  rh  is  the  air  mass  flow  rate,  and  V  is  the  air  velocity  at  the  nozzle  exit. 

Now,  Eo.  D-4  can  be  rewritten  as  follows  usinc  Fxms.  D-1  and  D-2.  and  F.ons.  2  and  4  in  section 
5:  ‘ 


2CpT„3 


^1, 

V  ^03  J 


AT, 


045 


03 


Y-1 


1- 


06 


1- 


AP 


034 


03  J 


-AP 


045 


(D-5) 
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As  an  illustration  of  the  effects  of  a  reduction  in  the  combustor  exit  temperature  and  pressure  on 
the  engine  thrust,  one  can  consider  a  case  of  operation  with  constant  air  mass  flow  rate,  constant 
engine  rpm,  and  constant  compressor  pressure  ratio. 

Since  the  power  required  to  drive  the  compressor  is  assumed  to  remain  constant,  a  drop  in  the 
combustor  exit  temperature  (T04)  would  lead  to  a  corresponding  drop  in  the  turbine  exit 
temperature  (Tqs).  Referring  to  Eq.  (D-4)  it  can  be  seen  that  a  drop  in  T05  would  lead  to  a 
reduction  in  the  engine  thrust.  Concerning  the  two  combustor  performance  parameters,  namely 
AT043/T03  and  AP034/P03.  with  reference  to  Eq.  (D-5)  it  can  be  seen  that  a  reduction  in 
AT043/T03,  and  an  increase  in  AP034/P03  will  result  in  a  reduction  in  the  engine  thrust.  For 
the  case  of  operation  with  an  air-water  mixture,  it  has  been  found  that  AT043/T03  drops,  and 
AP034/P03  increases  when  compared  to  the  case  of  operation  with  air  only.  Thus  operation 
with  an  air-water  mixture  will  result  in  a  reduction  in  the  engine  thrust.  It  is  worth  pointing  out 
here  that  operation  with  air  enriched  with  oxygen  (and  no  water  injection)  leads  to  an  increase  in 
both  combustor  performance  parameters,  \vhich  can  be  expected  to  result  in  a  slightly  higher 
value  of  thrust. 
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